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GENERAL INTRODUCTION 
It generally is accepted that dietary fat consumption is positively 
correlated with plasma cholesterol concentration, and that high plasma 
cholesterol concentration often predisposes the subject to coronary 
heart disease. This premise has resulted in a glut of research data 
that are difficult to digest when one considers the parameters measured, 
the animals studied, and the author's interpretation of the results. 
Clinicians and others in the diet-health profession generally have 
recommended dietary modifications that include a decreased consumption 
of fat and cholesterol and an increase in the polyunsaturated fat to 
saturated fat ratio (P/S). This has been reported to lower plasma 
cholesterol concentration in man and research animals, but the mechanism 
responsible for the decline is not entirely clear. 
Increasing the P/S ratio requires a decrease in the consumption of 
products of animal origin, or alternatively, consumption of animal 
products from specially fed animals. This might include the feeding of 
protected polyunsaturated fats to ruminants, avoiding ruminai bio-
hydrogenation, or feeding polyunsaturates to preruminants in milk 
diets bypassing the rumen via the gastric groove. Our laboratory is 
concerned both with the acceptance of animal products and human health 
ramifications of consumption of these products, as well as the health 
of the animal in cases of the special feeding regimes. 
Previous studies in our laboratory have indicated that preruminant 
calves fed filled milk diets containing polyunsaturated fat may 
2 
actually develop plasma cholesterol concentrations that are greater 
than calves fed milk diets "filled" with saturated fats. Also, calves 
fed polyunsaturated fat consistently have greater tissue cholesterol 
concentrations than do calves fed saturated fat. These findings lead 
us to ask questions about the nutritional physiology of the calf as 
well as the importance we have placed on plasma cholesterol concentration 
as opposed to whole body cholesterol concentration as an indicator of 
the state of health of the animal. 
In this dissertation, I review pertinent literature concerned with 
lipid and cholesterol digestion and absorption and with intestinal and 
liver cholesterol metabolism, and the use of the preruminant calf in 
studies relating source of dietary fat to blood, tissue, lymph, and 
bile cholesterol. Data are presented in Section I that summarize the 
effect of fat source on the transport of lymph and bile lipids. 
Section 11 integrates tracer studies with data collected in Section I 
to better define cholesterol kinetics related to absorption and 
intestinal synthesis. 
The original objective of my dissertation research was to develop 
surgical and analytical methods for quantitation of cholesterol kinetics 
in the preruminant calf.. Technical problems did not allow completion 
of all of the initial objectives; however, technical and analytical 
methods were developed that allowed greater accuracy in the experiments 
conducted. The results presented herein are from experiments in which 
complete blocks of data were collected from surgically altered animals. 
3 
Many animals were surgically prepared only to result in failure of the 
preparation prior to completion of an experimental block. Some of the 
data from partial experiments warrants discussion, but a majority will 
not be reported. 
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REVIEW OF LITERATURE 
Lipid Digestion and Absorption 
Lipid hydrolysis 
After ingestion of a fatty meal by a nonruminant, little lipolysis 
takes place in the stomach. The ingested lipids are churned, partially 
emulsified, and delivered into the duodenum. The exception to this 
occurs in the preruminant calf. Lipids by-pass the rumen via the 
gastric groove and do not undergo the changes that occur in mature 
ruminants resulting from microfloral fermentation processes. Hydrolysis 
of triglyceride to free fatty acids and monoglycerides occurs in the 
stomach as well as the duodenum of the preruminant. Abomasal hydrolysis 
of milk lipid is due to the presence of pregastric esterase secreted 
mainly from the palatine glands (Grosskopf, 1965). Gooden and 
Lascelles (1973) demonstrated in milk-fed calves that even in the 
absence of pancreatic lipase, 70% of dietary long-chain fatty acids 
were absorbed, indicating the importance bf the pregastric esterase 
enzyme system in the preruminant. 
As the dietary lipid passes to the duodenum, hormones are released 
from the duodenal mucosa causing the gallbladder to contract and 
stimulating the pancreas to secrete enzymes and bicarbonate. The 
lipids are emulsified by the peristaltic action of the intestine plus 
the detergent action of the bile salts. The triglyceride then is 
converted to the more polar compounds, 2-monoglyceride and free fatty 
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acid (FFA), by a reaction catalyzed by pancreatic lipase in which the 
ester bonds in the 1 and 3 positions of the triglyceride are hydrolyzed 
(Desnuelle, 1961). The pancreatic lipase acts at the aqueous-lipid 
interface of the emulsion particles. Recent evidence has shown that 
for pancreatic lipase to be active in triglyceride hydrolysis, an 
additional pancreatic factor is required. Pancreatic lipase is in­
hibited by conjugated bile salts above their critical micellar concen­
tration (Borgstrom et al., 1974). To circumvent this problem, the 
pancreas secretes a small molecular weight protein called colipase 
(Borgstrom, 1975) which binds bile salt micelles preventing the 
inhibition of pancreatic lipase. Other pancreatic enzymes involved 
in lipid hydrolysis are cholesterol esterase which hydrolyzes 
cholesterol esters to free cholesterol and fatty acid and phospholipase 
which converts lecithin to lysolecithin and fatty acid (Westergaard and 
Dietschy, 1974). 
The end products of lipid hydrolysis are poorly suited to a stable 
interaction with an aqueous medium because of their polarity; therefore, 
absorption depends on a mechanism by which these compounds can achieve 
stability in a water phase that results in maximum exposure to the in­
testinal absorptive surface. Bile salts play the key role in this 
stabilizing process. 
The original discovery of the importance of the bile salt - mono-
glyceride - fatty acid micelle in the absorption of lipid occurred two 
decades ago (Hofmann and BorgstrGm, 1962). Since then, reviews 
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published by Hofmann and Small (1967) and Carey and Small (1970) 
provided insight into the physical, chemical, and physiological proper­
ties of bile salts. Efficient absorption of dietary fat depends on 
micellar formation in which the lipid moieties of lipid hydrolysis 
interact with bile salts, forming aggregations or mixed micelles. The 
structural characteristics of a bile salt molecule, consisting of 
hydrophobic and hydrophilic portions, enable the molecule to interact 
and solubilize lipids in an aqueous environment. The lowest concen­
tration of bile salts in which monoglycerides, fatty acids and 
cholesterol are aggregated in solution is termed the critical micellar 
concentration. Any condition that results in a reduced concentration 
of bile salts within the intestinal lumen will result in impaired 
micellar solubilization of lipids, leading to steatorrhea. The 
capacity of bile salts to incorporate amphiphiles into the micelle is 
important not only for solubilization of the products of lipid 
hydrolysis, but also in the solubilization of lecithin in bile. The 
incorporation of amphiphiles into bile salt micelles significantly 
increases the size of the micelle itself (Ockner and Isselbacher, 1974). 
This then permits relatively nonpolar lipids such as cholesterol and 
vitamin D, which are not readily incorporated into pure bile salt 
micelles, to be carried in the hydrophobic interior of the expanded 
mixed micelle. 
A basic property of the micelle that has been demonstrated re­
peatedly is the existence of a dynamic equilibrium between the 
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individual component of the micelle and its corresponding bile salt or 
fatty acid anion. Therefore, the micelle should not be regarded as a 
fixed unit, but rather as a unit whose composition is dependent upon 
the surrounding aqueous phase. This equilibrium between micelle and 
the aqueous phase must be considered when one studies mechanisms of 
entrance of micellar components into the absorptive cell. 
Absorption and transport 
The role of the mixed micelle is not complete until it diffuses 
across the unstirred water layer to the region of the aqueous-lipid 
interface at the microvillus border. The diffusivity of the mixed 
micelle particle is reduced only in proportion to the cube root of 
its molecular weight (Westergaard and Dietschy, 1974); therefore, con­
sidering the large capacity of the bile salt micelle to solubilize 
lipids, there is a much more rapid transfer of the products of lipolysis 
across the unstirred water layer in the presence of a bile acid micelle 
than in the absence of this structure (Sallee and Dietschy, 1971). 
Once the micelle has carried the fatty acid, monoglyceride and 
cholesterol across the unstirred water layer, absorption takes place 
by diffusion of these lipids into the intestinal mucosal cell. This 
is passive diffusion because Johnson and BorgstrOm (1964) demonstrated 
that fatty acid is taken up from micellar solutions at low temperatures, 
and metabolic activity of the tissue is not required. The mixed 
micelle does not bind to the microvillus and liberate its lipid moieties 
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as early workers once hypothesized, but rather, fatty acid, monoglyc-
eride, and cholesterol uptake from micellar solutions takes place only 
in the monomolecular phase. The rate of absorption from this system 
is proportional to the concentration of each of the lipolytic products 
that have dissociated from the micelle and are in the monomolecular 
phase. The micelle, therefore, serves only as a reservoir for fatty 
acid, monoglyceride and cholesterol to maintain a high concentration of 
monomers at the aqueous-membrane interface. 
Movement of fatty acids from the inner surface of the microvillus 
membrane to the cytosol of the intestinal absorptive cell or enterocyte 
is an obligatory process. Ockner et al. (1972) and Ockner and Manning 
(1974, 1976) isolated a cytosolic protein that bound unsaturated long-
chain fatty acids with high affinity and showed weaker affinities for 
saturated long-chain fatty acids. Long-chain fatty acids, cholesterol, 
and medium-chain triglycerides showed almost no binding. This fatty 
acid binding protein (FABP) was found in higher concentrations in the 
proximal intestinal mucosa, could be increased by a high fat diet, and 
was present in higher concentration in villus epithelial cells than in 
crypt cells. Ockner et al, (1972) also found FABP in many other tissues. 
In further studies, they demonstrated that by tying up FABP with 
flavaspidic acid and bromopalmitate they could decrease fatty acid 
incorporation into triglycerides. This suggests that FABP-fâtty acid 
complexes may be a transport route to the smooth endoplasmic reticulum 
where triglyceride resynthesis occurs. 
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Triglyceride resynthesis proceeds through either the monoglyceride 
or the «-glycerophosphate pathway. The monoglyceride pathway is the 
major route for nonruminants and milk-fed preruminants (Kayden et al., 
1967; Mattson and Volpenheim, 1964) because lipid digestion in the small 
intestine yields monoglycerides. The «-glycerophosphate pathway is 
the preferred route in mature ruminants because triglycerides are 
hydrolyzed to FFA in the rumen and very little monoglyceride is 
presented to the small intestine (Cunningham and Leat, 1969; Skrdlant 
et al., 1973). 
The «-glycerophosphate pathway is the predominant route, however, 
for synthesis of phospholipid and lecithin. Two molecules of fatty 
acyl-CoA are added to glycerol-3-phosphate to form phosphatidic acid 
(Haessler and Isselbacher, 1963). Lecithin is synthesized through the 
action of cholinephosphotransferase, which adds a molecule of phospho-
choline to the diglyceride molecule. Under conditions of adequate 
availability of biliary phospholipid, very little synthesis occurs, but 
rather, absorbed lysolecithin is reacylated and it becomes the major 
source of lymph chylomicron phospholipid (Mansbach, 1973). 
The other major lipid component absorbed passively through the 
intestinal mucosal cell is cholesterol. Cholesterol in the mucosal 
cell is in a dynamic state with the intestinal lumen and lymphatics. 
Absorbed cholesterol, by the strictest definition, is the portion 
that passes out of the intestinal mucosal cell into the intestinal 
lymphatics. Determining the origins of cholesterol in the lymphatics 
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becomes quite complex, because in addition to the exogenous portion or 
dietary cholesterol, there are two sources of endogenous cholesterol 
in the intestinal lumen, biliary cholesterol and cholesterol from 
desquamated mucosal cells. A third source of endogenous cholesterol is 
manufactured within the mucosal cell through de novo synthesis from 
acetate. Finally, a fourth source of endogenous cholesterol enters 
the lymphatics from the extracellular space as a result of transposition 
from the mesenteric capillary bed. 
Four of these five sources of free cholesterol are present in the 
mucosal cell where they are re-esterified by one of two possible proc­
esses. Acyl CoA:cholesterol acyltransferase (ACAT) esterifies 
cholesterol with fatty acyl CoA with a marked preference for oleate 
(Haugen and Norum, 1976). It also has been suggested that cholesterol 
esterase, derived from pancreatic fluid, functions within the intestinal 
mucosa to esterify cholesterol (Borja et al., 1963). Which of these 
enzymes is responsible for lymph chylomicron cholesterol esters has not 
been definitively proven. 
Once triglyceride, phospholipid and cholesterol esters have been 
synthesized by the mucosal cell, these lipids are incorporated into 
chylomicrons or lipoprotein particles which are secreted by the cell 
and enter the lacteals, intestinal lymphatics, thoracic duct and then 
finally are delivered to the plasma. The mechanisms by which lipopro­
tein particles are assembled is currently an active area of research 
aided significantly through the use of the electron microscope. 
n 
Early studies of Palay and Karl in (1959) which were later confirmed 
by Garden et al. (1967) clearly show lipid droplets within the endo­
plasmic reticulum that subsequently accumulate in the Golgi apparatus. 
The Golgi apparatus participates in packaging of the lipoproteins by 
applying a polar, protein-containing coat to the lipids. The lipo­
proteins formed by the intestine were designated chylomicrons by Gage 
and Fish (1924) who first observed these particles microscopically in 
blood plasma following ingestion of a fatty meal. It is now known that 
these large particles or chylomicrons have a diameter in excess of 
O 
1000 A and are composed predominantly of a triglyceride and cholesterol 
ester core surrounded by a more hydrophilic membrane consisting of 
protein, phospholipid, and free cholesterol (Zilversmit, 1968). 
Morphologic studies show a migration of the Golgi vesicles toward the 
basal membrane of the cell where they fuse with the membrane and dis­
charge the chylomicrons into the intercellular space by reverse 
pinocytosis. 
Enterohepatic circulation of bile salts 
No discussion of lipid digestion and absorption would be complete 
without examining the source and fate of the bile salts that are so 
essential in the absorption process. Bile acids, as they are called 
before secretion into bile, are a group of acidic steroids that are 
synthesized in the liver from cholesterol. Before secretion into bile, 
bile acids are conjugated with either taurine or glycine. The pKa 
values of these conjugates are lower than the pH of bile or intestinal 
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contents; thus, conjugated bile acids exist as their Na^ or salts 
are called bile salts. In bile and in the intestinal lumen, bile salts 
function as detergents (Hofmann and Small, 1967; Carey and Small, 1970). 
Because the intestine efficiently absorbs bile salts and because the 
liver is equally efficient in removing bile salts from the portal 
blood, the bile salt pool is mainly limited to an enterohepatic 
circulation. When bile salts return to the liver, they exert an in­
fluence on bile salt synthesis through a feedback inhibition system. 
Cholesterol conversion into bile salts has been extensively 
studied since it was first shown (Block et al., 1943). The majority 
of the information to date indicates that the initial reaction of the 
metabolism of cholesterol into bile acids in the liver is the incorpora­
tion of a hydroxyl group at the 7 a-position of the ring system of 
cholesterol by the enzyme, 7 «-hydroxylase. The substrate for 7 a-
hydroxylase is free, unesterified cholesterol and not cholesterol esters 
(Ogura et al., 1971). Newly synthesized cholesterol is preferred over 
free plasma cholesterol (Mitropoulos et al., 1974; Schwartz èt al., 
1975). After synthesis of 7 a-hydroxy-cholesterol, there are fourteen 
intermediate reactions that occur in the production of cholic acid and 
thirteen in the production of chenodeoxycholic acid, the two major bile 
acids synthesized by liver microsomes (Hanson and Pries, 1977). 
As mentioned previously, bile acids are secreted into the bile 
conjugated with either glycine or taurine or as sulfate esters. The 
daily turnover of the glycine moiety of the bile acids is more than 3 
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times faster than turnover of the steroid moiety (Hepner et al., 1972), 
indicating that considerable amounts of the glycine-conjugated bile 
salts are deconjugated by bacterial enzymes before they are absorbed 
by the intestine. The ratio of conjugated bile salts in man is 3:1, 
glycine to taurine. This ratio can increase considerably when 
synthesis of bile salts is increased, and conversely, the ratio can 
decrease with increased dietary taurine (Sjovall, 1959). Bile salts 
also exist as sulfate esters, but these are all secondary bile salts. 
Little is known about the intracellular effects of the sulfate esters, 
but once excreted into the bile, the very polar sulfated molecule is 
poorly absorbed from the small intestine and passes into the lower 
bowel (Cowen et al., 1975). Some desulfation takes place by colonic 
bacteria, but the majority of the sulfated bile salts is lost in the 
feces. 
There is considerable evidence that bile salts interact with the 
liver enzymes 3-hydroxy-3 methylglutaryl (HMG)-CoA reductase and 7 
a-hydroxylase. The major rate determining step in the biosynthesis of 
cholesterol occurs in the formation of mevalonic acid from HMG-CoA 
which is catalyzed by the enzyme HMG-CoA reductase. Studies have shown 
that cholesterol or bile salt derivatives of cholesterol regulate 
the activity of this enzyme in liver microsomes as they return to the 
liver via the enterohepatic circulation (Breslow et al., 1975; 
Shefer et al., 1973). Contrary to these observations, Weis and 
Dietschy (1969) have reported that when the enterohepatic circulation 
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is restored in animals with external biliary diversion by intraduodenal 
infusion of various pure bile acids, the increased rate of hepatic 
cholesterol genesis is not suppressed. Instead, these workers propose 
that hepatic sterol synthesis is controlled by the cholesterol reaching 
the liver from the intestinal lymphatic chylomicrons. They were able 
to demonstrate this by intravenously infusing cholesterol in chylo­
microns which prevented the rise in hepatic cholesterol genesis in 
animals with biliary diversion. Thus, bile acids either influence HM6-
CoA reductase directly or mediate hepatic cholesterolgenesis in­
directly through their role in intestinal cholesterol absorption and 
chylomicron formation. 
The activity of a second liver enzyme, 7 a-hydroxylase, is also 
affected by the quantity of bile salts returned to the liver via 
the portal blood. Dowling et al. (1970) showed that a gradual increase 
in the percentage of interruption of the enterohepatic circulation in 
the rhesus monkey results in a gradual increase in the rate of bile 
salt synthesis until a maximum is reached. Shefer et al. (1970) showed 
that bile salt synthesis from cholesterol was inhibited when 
taurocholate was infused intraduodenally at a rate exceeding 10 mg 
per 100 g of rat per h. The infusion of taurocholate at this rate 
did not inhibit the conversion of 7 a-hydroxycholesterol into bile 
salts, which indicates that the feedback inhibition lies between 
cholesterol and 7 a-hydroxycholesterol, i.e., at 7 a-hydroxylase. 
Bile salts are absorbed from the ileum by a competitive, sodium-
15 
dependent transport process. The restriction of bile salt absorption 
to the terminal ileum allows bile salts to remain in the intestinal 
lumen until the absorption of triglycerides and other lipids from the 
upper small intestine is complete. Except for a small quantity of 
bile salts in the systemic circulation, the bile salt pool is main­
tained in the enterohepatic circulation by an efficient uptake 
mechanism by the liver. 
Cholesterol Metabolism in the Intestine and Liver 
Although specific modes of influence of dietary fat and dietary 
cholesterol upon intestinal and liver cholesterol metabolism have not 
been established, there is strong evidence that they have mediating 
effects. Intestinal cholesterol metabolism, by strict definition, 
should refer only to synthetic and degradative processes, but 
because absorption and synthesis are closely related in the intestine, 
this discussion will address both processes where appropriate. 
Secondly, the role of dietary fat will be evaluated independently of 
the role of dietary cholesterol whenever possible. However, because 
cholesterol is typically a constituent of fats of animal origin, it 
is necessary, at times, to consider fat and cholesterol as joint 
factors. In addition, several authors have presented their data in 
such a manner as to make it impossible to delineate between effects 
of fat and effects of cholesterol. 
Role of dietary fat 
After two decades of intense study, there still is considerable 
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controversy as to how dietary saturated and polyunsaturated fats 
influence cholesterol metabolism and the resultant plasma cholesterol 
concentration. It has been well-established that the degree of 
saturation of dietary fat influences plasma cholesterol concentration 
in man (Anderson et al., 1976; Shepherd et al., 1978) and 
experimental animals (Hegsted and Gallagher, 1967; Tanaka et al., 
1976; Jacobson et al., 1974). The mechanism responsible for this is 
still in the investigative stage and the limited data that exist 
are conflicting. 
The major theses brought forth on this subject are: the 
degree of saturation of dietary fat 1) directly influences intestinal 
lipid absorption via changes in the magnitude of triglyceride or 
cholesterol absorption, 2) causes differences in the composition, 
structure, and subsequent metabolism of chylomicrons and very low 
density lipoproteins (VLDL), 3) affects the activity of the liver 
enzyme HMG-CoA reductase, 4) affects the ratio of free to ester 
cholesterol altering liver cholesterol and lipoprotein synthesis. 
Data in the literature on the effect of the degree of saturation 
of dietary fat on cholesterol absorption, or on mesenteric lymph 
cholesterol flux or concentration, are contradictory. Some studies 
(Bloomfield, 1964; Byers and Friedman, 1958; Vahouny and Treadwell, 
1959; Tanaka and Portman, 1977) have shown an increase in absorption 
of exogenous cholesterol in animals fed polyunsaturated fat, while 
others have shown a decrease (Wood et al., 1966; Fraser and Courtice, 
1969; Fraser et al., 1972; Richard et al., 1983) or no difference 
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(Ockner et al., 1969; Klauda and Quackenbush, 1970; Grundy and Ahrens, 
1970; McGovern and Quackenbush, 1973; Fraser, 1974; Nestel et al., 
1975; Corey et al., 1976; Sheehe et al., 1980). 
Few data are available on the effect of the degree of saturation 
of dietary fat on absorption of endogenous cholesterol. Ockner et al. 
(1969) measured the flux of endogenous cholesterol into the lymph of 
rats infused with micelles containing either palmitate or linoleate. 
Their results showed no influence of fatty acid saturation on 
cholesterol flux. Sheehe et al. (1980) found lesser endogenous 
cholesterol flux into lymph during infusion of saturated fat into the 
duodenum, but only in cases when saturated fat preceded polyunsaturated 
fat. 
Ockner et al. (1972) showed that saturated fatty acids are 
absorbed over a longer length of the intestine than are unsaturated 
fatty acids. This, they reasoned, was in compensation for the 
preferential binding of long-chain unsaturated fatty acids by 
intestinal FABP and explained their earlier work (Ockner et al., 1959) 
in which they showed no difference in lymphatic absorption between 
saturated and polyunsaturated fats. 
Hollander and Morgan (1980) studied cholesterol absorption in 
the rat by infusing short-, medium-, and long-chain fatty acids 
(saturated and unsaturated) and lecithin into the duodenum. They 
found a significant decrease in cholesterol absorption into the 
lymph in response to the long-chain polyunsaturated fatty acids and 
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lecithin. They also cited work which indicated that unsaturated 
fatty acids or lecithin added to a micellar solution enhances the 
solubility of the cholesterol in the micelles and shifts the partition 
coefficient of cholesterol away from the cell membrane of the 
absorptive cell to the micelle (Kwan et al., 1977). This shift in 
cholesterol partitioning could slow the absorption of cholesterol from 
a micellar solution and would result in decreased absorption into 
mesenteric lymph. In addition, fatty acids and lecithin have been 
shown to increase the physical size of the micellar particles (Nakayama 
and Miyaki, 1965). These large micelles would diffuse more slowly 
toward the absorptive cell membrane of the enterocyte than would 
smaller micelles containing cholesterol only. This inhibition of 
diffusion by size would be accentuated by the presence of the unstirred 
water layer that is already a rate limiting barrier to cholesterol 
absorption. 
In summation, one could say that controversy exists on the effect 
of saturated and polyunsaturated fat on cholesterol absorption, 
because all possible effects have been reported at one time or another 
in the literature. A logical explanation for these conflicting re­
sults may be species differences, because in several cases, results 
have been repeatable in like species. 
The second theory relating saturation of dietary fat to 
cholesterol metabolism concerns chylomicron and lipoprotein compo­
sition, structure and metabolism. Ockner et al. (1969) made the 
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first observation that the proportion of lymph cholesterol carried by 
chylomicrons is increased when rats receive an infusion, intra-
duodenally, of linoleate containing micelles. When the micelle dose 
contained palmitate, more of the lymph cholesterol was in the VLDL 
fraction. Since then, electromicrographic (Boquillon et al., 1974) 
and electrophoretic (Boquillon et al., 1972; Boquillon et al., 1977) 
studies have shown that feeding saturated fat leads to production of 
smaller absorptive lipoproteins. The size of absorptive lipoproteins 
is of interest in view of the finding that large, triglyceride-rich 
lipoproteins are cleared more rapidly from plasma than are small ones 
(Ockner et al., 1969; Havel and Kane, 1975). The ingestion of poly­
unsaturated fat does not affect the total mass of body cholesterol, 
but instead causes a shift of cholesterol from the plasma into the 
extravascular tissues (Corey et al., 1976; Grundy and Ahrens, 1970). 
This shift, which helps substantiate the lipoprotein size theory, is 
associated with increased fractional clearance of the circulating 
cholesterol by the liver (Corey et al., 1976). Spritz (1965) found 
that VLDL cholesterol entered tissue pools more readily in response to 
feeding polyunsaturated fat than saturated fat, and suggested that 
the distribution of lipoprotein-free cholesterol among the body pools 
might depend on the fatty acid composition of the plasma lipoproteins. 
The degree of fat saturation may also affect hepatic uptake of VLDL 
remnants. Floren and Nilsson (1977) found differences in hepatic 
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uptake of triglycerides from remnant lipoproteins produced after 
infusion of cream or corn oil. 
It seems quite likely that the degree of saturation of dietary fat 
influences the metabolism of absorptive lipoproteins. This may be a 
primary mechanism of redistribution of body cholesterol in response to 
unsaturated fat that has been postulated in studies conducted with 
the pig, calf and rat (Mauser, 1982; Richard et al., 1980; Wiggers 
et al., 1977a). It is not clear at this point if the differences 
observed in lipoprotein metabolism are a result of chylomicron or VLDL 
size, fatty acid composition, membrane fluidity, or a combination of 
one or more of these factors. 
The third theory explaining the effect of the intake of saturated 
fat on cholesterol metabolism involves a liver enzyme. Biochemical 
studies have focused attention on the activity of liver enzymes 
involved in cholesterol synthetic and degradative pathways in response 
to dietary saturated and polyunsaturated fats. The rate-limiting 
step for the biosynthesis of cholesterol is considered to be the 
reduction of ,HMG-CoA to mevalonic acid catalyzed by the enzyme HMG-CoA 
reductase. Changes in the activity of this enzyme closely follow 
changes in the overall rate of cholesterol synthesis over a wide range 
of experimental conditions. The liver plays an important role in 
cholesterol homeostasis by supplying endogenously synthesized 
cholesterol in response to animal requirements. Variation in 
cholesterol intake from the diet may be compensated for by changes in 
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hepatic cholesterol synthesis. The cholesterol that enters the 
hepatocyte, or that is biosynthesized within, is either converted to 
bile acids or is metabolized to cholesteryl esters. A second enzyme, 
acyl-CoA:cholesterol acyl transferase (ACAT), catalyzes the cholesterol 
esterification. 
Recent evidence suggests that the activity of hepatic HMG-CoA 
reductase is modulated by changes in the fluidity of the endoplasmic 
reticular membrane (Sabine and James, 1976; Mitropoulos and 
Venkatesan, 1977). Cholesterol is known to influence the fluidity of 
biological membranes and to modify the interaction of membrane-bound 
enzymes with surrounding substrates (Papahadjopoulos, 1974). 
Membrane fluidity is also influenced by other factors such as the 
degree of saturation of fatty acyl chains of membrane phospholipids 
(Mitropoulos et al., 1980). Mitropoulos et al. (1980) fed rats 
diets containing saturated or unsaturated fat and found that rats fed 
unsaturated fat had a higher degree of unsaturation in the fatty 
acids of phospholipids in the liver microsomal fraction than did 
rats fed saturated fat. Concomitant with the increase in the un­
saturation of fatty acyl groups of phospholipids, there was a 
considerable decrease in the activity of HMG-CoA reductase. The 
authors explained the decrease in the activity of HMG-CoA reductase 
by presenting data that indicated an increase in the concentration 
of free cholesterol in the environment of the enzyme. It is not 
certain whether the increased concentration of free cholesterol in 
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the endoplasmic reticular membrane following the administration of 
unsaturated fat is a consequence of higher influx of intestinal 
cholesterol into the hepatocyte (Ockner et al., 1959) or is due to an 
increased ability of the membrane to accommodate cholesterol as a 
result of the changes in the composition of fatty acyl groups of the 
membrane phospholipids (Reiber, 1978), or is due to both these reasons. 
A fourth theory, which is related somewhat to the two proposed 
previously, concerns the ratio of free to ester cholesterol from 
chylomicrons that may be affected by the degree of saturation of 
dietary fat and may ultimately affect liver cholesterol and lipoprotein 
synthesis. Fraser et al. (1972) and Fraser (1974) have postulated 
that the proportion of lymph total cholesterol that is esterified 
might influence the subsequent metabolic fate of absorptive lipopro­
teins. It has been shown that in rhesus monkeys fed a mixture of 
cholesterol and coconut oil, more of the recently absorbed cholesterol 
in chylomicrons is free cholesterol; whereas, after cholesterol and 
corn oil were fed, more was in the chylomicron core as cholesteryl 
esters (Fraser et al., 1972). A second study (Fraser, 1974) with 
rabbits fed diets containing constant levels of dietary cholesterol 
demonstrated an increase in the proportion of free cholesterol as 
dietary triglyceride was increased. When the dietary triglyceride 
was held constant and the dietary cholesterol was increased, the 
proportion of cholesteryl esters increased. 
Free cholesterol is located mainly on the surface of chylomicrons 
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and can migrate to other lipoproteins, circulating cells and other 
tissues (Zilversmit, 1968). After transfer, this cholesterol can be 
changed by ACAT or cholesterol esterase to cholesteryl esters within 
smaller lipoproteins (Fraser, 1974). Cholesteryl esters do not 
transfer because they are in the core of the chylomicron; however, 
they instead are cleared from the circulation rapidly by the liver 
after the chylomicrons have been changed to cholesteryl ester-rich 
remnants by lecithin cholesterol acyl transferase (Zilversmit, 1968). 
Dietschy and Wilson (1968) have shown that liver cholesterol 
synthesis is inhibited by cholesterol in chylomicrons reaching the 
liver. Because it is the core or cholesterol ester-rich remnant of 
chylomicrons that is removed by the liver. Fraser (1974) argues that 
the negative feedback of liver synthesis would be enhanced by 
chylomicrons with the highest content of cholesteryl esters. When 
coconut oil was fed to rhesus monkeys and rabbits (Fraser et al., 
1972; Fraser, 1974) the relative amount of cholesteryl esters 
decreased and so, presumably, did the amount of cholesterol reaching 
the liver to inhibit hepatic synthesis. 
The hypothesis put forth by Fraser (1974) has been refuted by 
Sheehe et al. (1980) who demonstrated a significant increase in the 
proportion of lymph cholesterol that was esterified in response to 
intestinal infusion of saturated oil in the rat. Because the chemical 
form of cholesterol in absorptive lipoproteins may be important in 
determining the amount of cholesterol that reaches the liver via 
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absorptive lipoprotein remnants, it still appears that further 
studies should be conducted to clarify the effect of the degree of 
saturation of fat. 
Role of dietary cholesterol 
Changes in cholesterol intake generally are reflected by changes 
in the plasma cholesterol concentration. In human studies, it has 
been reported that plasma cholesterol concentration rises an average 
of 12 mg/100 ml for every 100 mg cholesterol eaten per 1000 calories 
(Keys et al., 1965; Mattson et al., 1972; Hegsted et al., 1965). 
Keys et al. (1965) have suggested that a great deal of variability in 
response to dietary cholesterol exists among individuals. This 
variability may be due to other dietary components such as the poly­
unsaturated fatty acid to saturated fatty acid ratio (P/F) in the diet 
or to genetics. 
The efficiency of absorption of dietary cholesterol into the 
mesenteric lymph varies among species. Hellman et al. (1960) reported 
that 27% of dietary cholesterol was absorbed into the thoracic duct 
lymph in man. Connor and Lin (1974) stated that 45% of the cholesterol 
intake was absorbed from the diets of normocholesterolemic men. In 
general, cholesterol absorption data using rats as the experimental 
model have shown a greater capacity for absorption than man. Estimates 
of 60% absorption of dietary cholesterol have been obtained for rats 
(Mattson et al., 1976; Sylvén and BorgstrQm, 1968). Green (1980) 
infused low (1.7 ymoles/h), medium (4.4 ^moles/h) and high (30ymoles/h), 
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doses of cholesterol dissolved in triolein into the duodenum of rats 
and found cholesterol absorption values of 34, 67 and 27% for the 
respective doses. 
Borgstrom et al. (1970) have suggested that in humans fed a low 
cholesterol diet, luminal absorption and transport capacity is nearly 
saturated due primarily to endogenous cholesterol sources. Taylor and 
Ho (1967) reported that increasing the daily dietary cholesterol intake 
in man from 2 g to 10 g resulted in only a 1.4% increase in transport 
of exogenous cholesterol in the lymph. Sylvén and Borgstrom (1968) 
demonstrated that in the rat, high cholesterol intakes resulted in 
mesenteric lymph cholesterol which was 90% of dietary origin. This 
high cholesterol intake resulted in a five-fold increase in lymphatic 
cholesterol transport. Thus, it seems, the biliary secretions and 
integrity of the enterohepatic system are factors that play more 
essential roles in humans than in rats. 
The general consensus has been that in the rat, the small 
intestine ranks second only to the liver in the magnitude of de novo 
cholesterol synthesis (Mclntyre and Isselbacher, 1973). Recently, 
however. Magot and Chevallier (1979) reported that the small intestine 
is the most active tissue for cholesterol synthesis in the rat. 
Regardless of rank in total cholesterol synthesis, the small intestine 
is an important site for recognizing changes in dietary cholesterol 
load and acting accordingly. 
Dietschy and Siperstein (1965) studied the relative rates of 
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cholesterol biosynthesis over the entire length of the smaM intestine. 
They concluded that there was a low rate of cholesterol synthesis in 
the upper part of the small intestine and a high rate in the ileum. In 
both regions, synthesis occurred predominantly in the cells of the 
crypts rather than those of the villi. When bile was prevented from 
entering the intestine, cholesterol synthesis increased throughout 
the small intestine. Infusion of either whole bile or bile salts 
alone caused a fall in cholesterol synthesis caudal to the point of 
infusion. In a second study, Dietschy (1968) suggested that bile 
salts were specific inhibitors of cholesterol synthesis in the small 
intestine and that the intraluminal concentration might determine 
the degree of inhibition. It was hypothesized that the extremely low 
cholesterol synthetic rate found immediately distal to the entry 
of the bile duct in the rat is a result of the continual bathing 
of this segment with cholesterol-rich bile that occurs because the 
rat has no gallbladder. The observation that the diversion of bile 
results in increased intestinal cholesterol genesis does not mean there 
is an increased transfer of cholesterol into the body's exchangeable 
pool. When bile was diverted from the small intestine, mucosal 
cholesterol synthesis was increased throughout the small intestine, 
but movement of both exogenous (Treadwell and Vahouny, 1968), and 
endogenous cholesterol (Lindsey and Wilson, 1965; Wilson and Reinke, 
1968) from the lumen of the intestine into intestinal lymph was 
greatly reduced. 
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These data suggest that the control of intestinal cholesterol-
genesis is not linked to the requirements of the total body pool of 
cholesterol. Mclntyre and Isselbacher (1973) proposed that intestinal 
cholesterol genesis is geared to the provision of cholesterol for 
epithelial cell turnover. Because rates of cholesterol genesis vary 
over the course of the intestine and production of epithelial cells 
does not correspond to the cholesterol synthetic rate, they postulate 
that some of the cholesterol which is absorbed from the lumen is 
utilized for mucosal cell production and only at the site of absorption 
is there a corresponding reduction in intestinal synthesis. The 
extent of this reduction in synthesis would depend on the efficiency 
of cholesterol absorption at any given point. This theory is supported 
well by the Dietschy and Siperstein (1965) data that indicated no 
uptake of cholesterol in the absence of bile and a resultant increase 
in cholesterol genesis, as well as a lower synthetic rate in the 
jejunum compared to the ileum, in the presence of bile. 
If absorption of cholesterol from the lumen controls cholesterol-
genesis in the small intestine, cholesterol may be its own inhibitor. 
This hypothesis is yet unclear because there is an abundance of data 
in the literature to indicate that cholesterol feeding both does and 
does not have an effect on intestinal cholesterol synthesis. However, 
it does appear that dietary cholesterol may be a factor interrelated 
with the intraluminal concentration of bile acids, the composite of 
which exerts its control over mucosal cell synthesis. Elucidation of 
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the mechanism of control of intestinal cholesterol genesis in an area 
in need of further study. 
In the previous section on lipid digestion and absorption, I 
have reviewed the process of the enterohepatic circulation of bile 
salts and their interrelationship with hepatic cholesterol genesis. 
In man and laboratory animals, two feedback systems regulate bile acid 
production; one involves the quantity of bile acids reaching the liver 
via the enterohepatic circulation, and a second relates to the amount 
of cholesterol absorbed. The absorption of cholesterol will be 
addressed in the following discussion. 
Using dogs, Abell et al. (1956) first demonstrated that bile 
acid formation is controlled by the amount of cholesterol absorbed. 
In their study, the addition of 2.5% cholesterol to a cholesterol-free 
diet caused an increase in bile acid transport from 85 to 350 mg per 
day, even though only 23% of the added cholesterol was absorbed. This 
effect subsequently was demonstrated in the rat (Wilson, 1962; Wilson, 
1964) and has grown universally to be accepted in the literature. 
It is clear that this mechanism for the disposal of absorbed 
cholesterol is critical in preventing enormous accumulation of body 
cholesterol when cholesterol is fed in excessive quantities. Feeding 
thiouracil to inhibit bile acid production while maintaining dogs on 
a high cholesterol intake has resulted in extreme hypercholesterolemia 
(Abell et al., 1956). A second case in point is that of the rabbit, 
which develops severe hypercholesterolemia in response to cholesterol 
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feeding and supposedly does not possess a mechanism to increase bile 
acid production (Hellstrom, 1965). This phenomenon of increasing 
bile acid or bile cholesterol production as a result of dietary 
cholesterol also has been demonstrated in rats (Uchida et al., 1977), 
hamsters, ground squirrels, and prairie dogs (Chang et al., 1973; Ho, 
1976), squirrel monkeys (Osuga et al., 1976; Tanaka et al., 1976) and 
man (Den Beston et al., 1973). The mechanism for removal of the 
increased bile acid and cholesterol is an increase in the quantities 
escaping reabsorption in the ileum and ultimately being excreted in 
the feces (Nestel and Poyser, 1976). 
Studies with Preruminant Calves 
Lowering blood plasma cholesterol concentration by consuming a 
diet low in fat and cholesterol with a high P/S ratio is a practice 
recommended by physicians and dieticians. This has led to a 
decrease in the consumption of animal products that are characteristi­
cally high in cholesterol and have a low P/S ratio when compared to 
vegetable products. Altering the fatty acid composition of animal 
products by taking advantage of the gastric groove reflex (0rskov 
and Benzie, 1968) in ruminants and feeding filled milk containing 
polyunsaturated fats has resulted in an increased P/S in the body fat 
of lambs and calves (Wright et al., 1974). It remains to be 
elucidated whether increasing the P/S ratio in animal fat would be 
beneficial to man or the ruminant (Jacobson, 1974). 
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Addition of polyunsaturates to the diets of preruminants results 
in varied responses in plasma cholesterol concentration but clearly 
produces a significant increase in tissue cholesterol concentration 
(Jacobson et al., 1974; Kirk, 1975, Wiggers et al., 1977b; Stewart 
et al., 1978; Barrows et al., 1980; Richard et al., 1980). This 
response has been consistently observed in our laboratory, not only 
with preruminants, but with nonruminant species as well (Jacobson 
et al., 1974; Wiggers et al., 1977a; Wiggers et al., 1977b; Stewart 
et al., 1978; Barrows et al., 1980; Mauser, 1982; Richard et al., 
1980), and has led us to investigate the mechanism involved in this 
redistribution of body cholesterol in response to dietary poly­
unsaturates . 
Effect of dietary fat on blood and tissue cholesterol 
Jacobson et al. (1974) studied the effects of dietary tallow, 
lard and soybean oil upon plasma and tissue cholesterol concentrations 
in preruminant calves. Calves received reconstituted milk diets 
containing one of the fats at 3.5% with or without supplemental 
cholesterol. Fat provided 50% of the total caloric intake. The 
study showed that cholesterol fed calves had higher blood plasma 
cholesterol concentrations than calves fed no cholesterol regardless 
of fat source. Plasma cholesterol concentration was greater for calves 
fed tallow and lard than for those fed soybean oil. The most 
interesting finding was that soybean oil-fed calves had more 
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cholesterol per unit of dry matter in the aorta, liver, muscle, fat 
and coronary arteries than did tallow-or lard-fed calves. The 
authors suggested the lower plasma cholesterol values were due to 
transfer of cholesterol from blood to other tissues. 
In a subsequent study by Wiggers et al. (1977a) in which fat 
supplied only 30% of the calories, soybean oil-fed calves had 
significantly greater plasma cholesterol concentrations than did 
tallow-fed calves. Soybean oil-fed calves had significantly greater 
cholesterol concentrations in the omental and intermuscular fat when 
compared with the tallow-fed calves; however, other tissues did not 
differ as they did in the Jacobson et al. (1974) study. The 
differences observed in these two studies suggest that blood and 
tissue cholesterol concentrations are dependent upon not only fat 
source, but also quantity of fat fed. 
In subsequent studies to determine the effects of soybean oil, 
beef tallow, medium-chain triglycerides, corn oil, vegetable 
shortening and soybean oil/tallow mixtures upon blood and tissue 
cholesterol concentrations in calves, Stewart et al. (1978) found 
greater blood cholesterol concentrations in calves fed soybean oil 
than in those fed tallow or medium-chain triglycerides when the fats 
supplied 30% of the caloric intake. Lowest plasma cholesterol resulted 
from medium-chain triglyceride feeding. Adipose tissue cholesterol 
concentration was greater in calves fed soybean oil as compared to 
those fed tallow. Barrows et al. (1980) fed the soybean oil and 
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tallow diets as well as diets containing a mixture of 2/3 soybean 
oil and 1/3 tallow or 1/3 soybean oil and 2/3 tallow at a level to 
supply 30% of the dietary calories from fat. Plasma, muscle, liver 
omental fat and perirenal fat cholesterol concentrations were greater 
in calves fed the soybean oil diet. Tallow and soybean oil diets fed 
in combinations affected plasma and tissue cholesterol concentrations 
like the predominant fat fed alone. In still another study, Richard 
et al. (1980) found that corn oil behaved much like soybean oil, i.e., 
causing greater concentrations of cholesterol in the plasma, liver, 
and fat when compared to partially hydrogenated vegetable shortening 
and tallow in diets fed to calves so that 30% of dietary caloric in­
take was from fat. Corn oil was fed to compare an unsaturated fat 
that contained no detectable linolenic acid with soybean oil which con­
tains 5% linolenate. Vegetable shortening was fed to determine the 
effect of partial hydrogénation of soybean oil on cholesterol distri­
bution and to compare it to an even more saturated fat, tallow. No 
differences were found in the plasma or tissue cholesterol concentra­
tions resulting from the polyunsaturated fat and saturated fat com­
parisons. 
It can be seen from the previous review of literature concerning 
cholesterol partitioning in the calf that the P/S ratio within the 
fat as well as the level at which the fat is fed causes a specific 
effect upon the nutritional physiology of the calf. Determining the 
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mechanism of action requires investigation of lipid and/or cholesterol 
absorption, synthesis, transport, exchange, and excretion. Lymph and 
bile lipid studies offer a means of examining the kinetics of the 
processes involved. 
Lymph flow and composition 
Development of techniques for collecting thoracic and intestinal 
lymph over long periods of time has enabled the quantitative study of 
the absorption of lipids from the alimentary tract of a number of 
species of animals. The first detailed report on the absorption of 
lipids in preruminants was presented by Heath et al. (1964). They 
collected all of the lymph that flowed from the cannulated intestinal 
lymphatic duct of milk-fed lambs. Lymphatico-venous shunts were not 
established in their experiments^ probably because it was considered 
that the flow of lymph was too small for continuing recirculation. 
Shannon and Lascelles (1967) studied lipid absorption in young milk-
fed calves and were the first to describe a technique for establishing 
a lymphatico-venous shunt from the thoracic duct to the jugular vein 
in the young calf. This permitted repeated sampling of lymph from 
several calves for periods of 9-17 days during which the animals 
remained in good health. They compared lipid absorption patterns in 
calves fed whole milk twice or once daily and found that calves fed 
twice daily had little variation in lymph flow or total lipid 
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transport with time after feeding. Lymph flow peaked 4-5 h after 
feeding in calves fed once daily and total lipid transport was at its 
lowest during this period but subsequently increased sharply and 
peaked at 10 h postfeeding. There was a sharp decrease in lipid 
transport between 10 and 12 h postfeeding and then relatively constant 
values were obtained 12-24 h after feeding. These results indicate 
that lipid is absorbed over a long period in the milk-fed calf. The 
authors indicated the prolonged absorption was associated with the 
formation of a firm casein curd that entrapped the milk fat in the 
abomasum and slowed its release into the intestine. This hypothesis 
was reiterated in a subsequent study (Shannon and Lascelles, 1969a} 
in which thoracic duct lymph flow and composition was studied in the 
newborn calf before and after the first feeding of milk. Lymph flow 
increased dramatically after the first milk feeding but total 
esterified fatty acid and phospholipid transport increased only 
gradually, again suggesting slow release of lipid from the casein 
curd in the abomasum. 
In another study. Shannon and Lascelles (1968) investigated the 
flow of lymph in the intestinal lymph duct as well as the thoracic 
duct. They reported lymph flow rates of 8.3 and 9.7 ml/(h x kg), 
respectively. These values were considerably higher than those 
reported in other species of animals (Yoffey and Courtice, 1956), and 
it was suggested that the continuous absorption of large amounts of 
lipid by the young calf was important in stimulating lymph flow. 
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These findings propagated another study (Shannon and Lascelles, 1969b) 
in which lymph flow and composition was tested in response to feeding 
skim milk to the young calf. The changes observed were similar for 
both thoracic duct and intestinal lymph. Skim milk feeding significant­
ly reduced lymph flow but had no effect on total protein concentration 
in lymph and no effect on lymph to plasma ratios for total protein 
concentration. The authors suggested that the reduction in lymph flow 
in response to skim milk is due to decreased blood flow through the 
intestinal capillaries. Skim milk feeding created a substantial 
reduction in the concentrations of all the lipid fractions in both 
lymph and plasma when compared to whole milk feeding. Lipid and tri­
glyceride concentrations were much higher in lymph than in plasma, 
suggesting that some of the lipid in lymph is derived endogenously. 
The authors ascribed this endogenous lymph lipid to fatty acids 
liberated from phospholipids of bile in the intestinal lumen and 
lipoproteins passing from plasma into the lymph. 
Lascelles and Wadsworth (1971) collected intestinal and hepatic 
lymph from calves which were not allowed to suckle, in an attempt to 
confirm an earlier hypothesis (Shannon and Lascelles, 1969a) that only 
a small fraction of lymph lipid originated via transposition from the 
capillary bed. Comparison of the two lymph sources revealed a rather 
insignificant transport of 0.025 g/h of esterified fatty acids in the 
hepatic lymph versus 0.6 g/h in the intestinal lymph. The intestinal 
lymph lipoproteins were fractionated into the very low-, low-, and 
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high-density components (VLDL, LDL, and HDL, respectively), and their 
respective contribution to the total lymph lipid was 40%, 50%, and 10%. 
Bile diversion and deprivation in two calves resulted in virtual 
disappearance of the VLDL lipid fraction, indicating that most of the 
VLDL is derived from biliary secretions. The concentration of lymph 
LDL was nearly three times greater than LDL in the blood serum; 
this evoked a statement from the authors that most of the lipid in the 
LDL fraction must have been synthesized in the intestinal wall. This 
may or may not be correct because capillary dynamics resulting in 
lipoprotein transposition should hot be considered as a process of 
equilibrium, but rather as a one way process, in which a build-up of 
lipoproteins in the extracellular space could result from leakage 
creating a higher concentration of lipoproteins in lymph than in 
plasma in animals in the unfed state. 
Lymph flow and composition in the thoracic and intestinal ducts 
was compared in calves fed hay and grain or whole milk (Romsos and 
McGilliard, 1971). Lymph flow from the thoracic and intestinal ducts 
of calves fed whole milk averaged 7.6 and 4.4 ml/(h x kg), respec­
tively, while lymph flow from the thoracic and intestinal duct of 
calves fed hay and grain averaged 10.2 and 5.2 ml/(h x kg). This 
does not agree with the report by Shannon and Lascelles (1967) that 
fat absorption promotes lymph formation because whole milk-fed calves 
were consuming 2 to 3 times as much lipid as calves fed hay and grain. 
Romsos and McGilliard (1971) suggested that other factors such as 
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comparative body fluid balance and total fluid intake might affect 
lymph flow. Lymph flow in calves fed whole milk twice daily was the 
lowest one h before feeding and peaked one to five h after feeding 
before it began a steady decline until the next feeding. The authors 
suggested the increase in flow after feeding was due to absorption of 
water from the intestine. Calves fed milk had higher lipid concen­
tration and transport in the lymph than did calves fed hay and grain. 
Lymph lipid concentration was higher in the intestinal duct than in 
the thoracic duct of milk-fed calves but there was little change in 
lipid transport with time; this emphasizes the continuous nature of 
lipid absorption suggested by Shannon and Lascelles (1967). 
Amounts of cholesterol and triglyceride transported in the 
mesenteric lymph of milk-fed calves in response to different dietary 
fats was determined by Richard et al. (1983). They compared days on 
diet (2 and 4) in response to skim milk, soybean oil, tallow, and 
milk fat reconstituted diets and found no significant lymph composi­
tional changes between the second and fourth day collections. The 
data indicated that lymph cholesterol and triglyceride concentrations 
had stabilized by the second day of each dietary treatment. Rate of 
lymph flow was greater in calves fed soybean oil than in calves fed 
milk-fat diets, but lymph flow of calves fed tallow did not differ 
from those fed the other two fats. Skim milk feeding resulted in 
lymph flow that was less than for soybean oil feeding, but not 
dissimilar to milk fat or tallow. Lymph cholesterol transport of 
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calves fed tallow and milk-fat diets was not different but was greater 
than that of calves fed soybean oil. Tallow-fed calves had greater 
triglyceride transport than milk-fat-fed calves, but neither tallow 
nor milk-fat-fed calves differed from those fed soybean oil. Feeding 
the milk-fat diet resulted in the least lymph triglyceride transport 
and the greatest lymph cholesterol transport. This would indicate 
that cholesterol transport in lymph is not directly related to the 
amount of triglyceride entering the lymph. The authors suggested 
that the lower triglyceride absorption in response to milk-fat feeding 
was the result of portal absorption of short- and medium-chain length 
fatty acids in milk-fat. 
Bile flow and composition 
There is a paucity of information regarding biliary secretion and 
composition in the preruminant calf. Debarre et al. (1979) studied 
biliary secretion in the preruminant using a surgical technique 
(Lefaivre et al.. 1979) developed in their laboratory which employed 
a re-entrant cannula and an apparatus to assist in bile circulation 
that maintained the normal functioning of the biliary system and 
allowed continuous study of secretion. Two to six-week-old Hoi stein 
calves were fed whole milk twice daily. The mean bile flow after 
feeding in calves weighing from 35 to 70 kg was 152 ± 58 ml/h or 2.88 
± 0.95 ml/(h X kg). There were marked variations throughout the day 
for each animal and from one animal to another. No relationship was 
found between bile flow and body weight, most likely due to individual 
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variation and a small body weight range. The authors compared the bile 
flows they determined in the preruminant calf to those reported for 
other domestic animals and found the flow in the calf to be much great­
er. They attributed the high rate of flow to the high fat content of 
the diet of the calf. The biliary salts content, expressed as 
taurocholate was 1.7 g/100 ml and was considered comparable to that 
found in the pig by others. Bile flow decreased significantly during 
the second and third h after feeding and bile salt secretion seemed 
to decrease after the first 2 h postfeeding but differences were not 
significant due to large variations among animals. Therefore, it 
was difficult for the authors to relate the decrease in bile flow 
after feeding to a marked reduction in secretion of bile salts. The 
authors concluded that the bile flow rates may vary with time after 
feeding in the preruminant calf, but the total solids of bile is 
affected very little by feeding. 
Summary 
The objectives of this review have been to 1) survey the bio­
chemical and physiological processes involved with in vivo cholesterol 
and lipid metabolism 2) ascertain what is currently known about 
effects of dietary fat and cholesterol on cholesterol metabolism 3) 
provide a brief overview of what our lab and others have found rela­
ting fat source to cholesterol metabolism in the preruminant calf. 
With a knowledge of the cause and effect relationship present in the 
40 
calf, we can begin to conduct experiments to answer mechanistic 
questions posed in earlier work. 
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SECTION I. QUANTITATION OF FAT AND CHOLESTEROL 
TRANSPORT IN THE MESENTERIC LYMPH 
AND BILE OF THE PRERUMINANT CALF 
53 
ABSTRACT 
Nine preruminant male calves were prepared surgically with 
lymphatico-venous shunts and/or re-entrant gallbladder to proximal 
duodenum shunts to evaluate the effects of the degree of saturation of 
dietary fat upon cholesterol transport in the intestinal lymph and 
bile. Liquid diets were formulated to contain 12.5% dried skim milk 
(SM) or 10.5% SM to which was added 2% soybean oil (SBO), milk fat 
(MF), beef tallow (T) or a fat plus supplemental cholesterol. Calves 
received each diet for 3 days at 8% of body weight per day in two 
equal feedings. Following completion of each three day dietary 
treatment, total lymph collections were made for 15 min of each hour, 1 
h prefeeding and 12 h postfeeding, to determine flow rate, total lipid 
and cholesterol transport. Total bile collections were made during 
the same time span to determine flow rate, cholesterol and bile acid 
transport. For the SM, SBO, T and MF diets, respectively, cholesterol 
transported in the mesenteric lymph averaged 1.09, 1.92, 2.70, and 
2.41 mg/(h x kg body weight); average lipid transport in the 
mesenteric lymph was 8.94, 32.58, 38.12, and 64.86 mg/(h x kg body 
weight). Source of fat or addition of supplemental cholesterol had no 
effect on amount of cholesterol or bile acid transported in the bile; 
however, calves fed SM transported greater quantities of cholesterol 
in the bile than did calves fed fat or fat plus cholesterol. Our 
method allows for simultaneous determination of cholesterol absorption 
and excretion over long periods of time and various dietary treatments. 
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INTRODUCTION 
Since cholesterol was first implicated as a causative factor in 
the development of coronary heart disease, cholesterol absorption, 
synthesis, excretion and redistribution have been intensively studied. 
Dietary factors such as fat intake and source, as well as cholesterol 
intake, have been shown to affect cholesterol concentration in plasma, 
lymph, bile, and other tissues (Ho, 1976; Tanaka et al., 1976; 
Tanaka and Portman, 1977; Boquillon and Clement, 1979). Our labora­
tory has demonstrated that calves, rats and pigs fed diets containing 
soybean oil (SBO) develop greater plasma cholesterol concentrations 
and accumulate more cholesterol in body tissues than do their counter­
parts fed tallow (T)-cpntaining diets (Jacobson et al., 1974; Wiggers 
et al., 1977a; Wiggers et al., 1977b; Stewart et al., 1978; Barrows 
et al., 1980; Richard et al., 1980; Walsh et al., 1983). These 
findings are important when one considers the general recommendation 
made by the medical community to increase dietary polyunsaturated fat 
and decrease saturated fat. One animal production alternative is to 
produce meat from specially fed animals such as veal calves fed SBO 
filled diets. The resultant product is meat with a higher concentra­
tion of polyunsaturated fatty acids. In view of our previous findings, 
it appears that this may be unhealthy for the animal and objectionable 
for the consumer. It appears that the polyunsaturated-saturated fat 
disparity warrants further investigation. 
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The lymphatic and biliary systems are the primary routes of 
absorption and excretion of cholesterol, respectively. Methods for 
collecting mesenteric lymph (Romsos and McGilliard, 1971a; Romsos and 
McGilliard, 1971b) and measuring cholesterol transport (Richard et al., 
1983) have been developed in our laboratory. Richard et al. (1983) 
determined mesenteric lymph cholesterol transport in the preruminant calf 
fed milk diets containing SBO, T and milk fat (MF). They found 
significantly greater (P<.05) cholesterol flux in response to dietary 
SBO than T or MF over an 8 h time period. 
Our objectives in the present study were two-fold. Because the 
liver and the intestine are the two most active tissue in cholesterol-
genesis (Goodman and Noble, 1968), we desired to determine cholesterol 
flux in the biliary system, as well as in the intestinal lymph, in 
response to our test diets. This required development of a method 
for collection of bile from a chronic preparation. With both 
biliary and lymphatic preparations intact, we were able to determine 
cholesterol absorption via the lymph system and cholesterol transport 
via the biliary system. Because the lymphatic and biliary preparations 
were chronic, we were able to test several diets using the same 
animals over the course of 12-24 days. 
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MATERIALS AND METHODS 
Experimental Animals 
Nine preruminant Hoi stein male calves averaging 62 kg and 10 
weeks of age were used in this study. The calves were maintained on 
whole milk diets fed at 10% of body weight (BW) until time of surgery. 
One liter of cream was fed 3 h before surgery to increase fat content 
in the intestinal lymph and allow more rapid identification of the 
mesenteric lymph duct. 
Surgical Procedures 
Three calves were prepared surgically with lymphatico-venous 
shunts (catheters) from the mesenteric lymph duct to the caudal vena 
cava according to the method described by Romsos and McGilliard 
(1971a). Before surgery, the catheters were treated with 7% TDMAC-
heparin solution^ according to Leininger et al. (1966) and Grode et 
al. (1969) to aid in prevention of clot formation by binding 
heparin directly to the silicone rubber tubing. 
Re-entrant gallbladder to proximal duodenum bile shunts were 
established in all calves. Access to the peritoneal cavity was 
accomplished in a manner similar to that used in the lymphatic prep­
aration. The bilè duct was located and a segnent of it was dissected 
free between the hepato-cystic junction and the duodeno-sphincteral 
^7% tridodecylmethyl ammonium chloride (TDMAC)-heparin Poly-
sciences, Inc., Warrington, PA. 
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area. Two silk ligatures were passed around the duct and tied. The 
duct was incised between the ligatures to ensure that no communica­
tions between the biliary tract and the duodenum existed. Both 
catheters were 3.17 mm inside diameter by 6.34 mm outside diameter by 
56 cm long. The gallbladder catheter had a polyvinyl formal sponge^ 
collar 2 cm from the tip. The collar consisted of a 5 cm by 2 cm by 
2 mm strip of sponge which was wrapped around an area on the catheter 
to which silicone glue^ had been applied. The sponge was further 
anchored to the tube with two silk ligatures. Ten 1 mm holes had been 
punched into the side wall of the catheter tip in the area which 
would reside within the gallbladder. The duodenal catheter had a 
sponge collar attached 18 cm from the tip. A 5 cm by 5 cm piece of 
polyvinyl plastic film was rolled around the end of the duodenal 
catheter with 2 cm extending beyond the tip to prevent backflow of 
intestinal contents during reverse peristalsis. The plastic film was 
secured to the catheter with two silk ligatures. A 1 cm diameter 
purse string silk suture was placed into the muscle and serosa at the 
tip of the gallbladder and an 8 mm incision was made through the 
gallbladder. The gallbladder catheter was inserted to the sponge 
collar and the purse string suture was snugly drawn and tied around 
the catheter. Silk stay sutures attached the sponge collar to the 
^Ivalon Surgical Sponge, Clay-Adams Inc., New York, NY. 
^GE Clear Silicone Glue and Seal, General Electric Company, 
Silicone Products Department, Consumer Silicone Products Operation, 
Materford, NY. 
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gallbladder securing the catheter in place. The duodenum was cannu-
lated similarly, immediately caudal to the pylorus. The catheter was 
guided through the duodenum 18 cm until the sponge collar reached 
the purse-string suture resulting in placement of the catheter tip 
in the duodeno-sphincteral area. The purse-string was drawn tightly 
around the catheter and tied, and the sponge collar was sutured to the 
duodenum. A 1 cm incision was made through the skin on the right 
side between the eleventh and twelfth ribs immediately above the 
costochondral junction and a stainless steel trocar and cannula was 
used to pierce the body wall and peritoneum. The gallbladder 
catheter was exteriorized through the cannula, the cannula was removed, 
and the skin incision above the catheter was closed with a silk 
suture. The duodenal catheter was exteriorized similarly, directly 
below the costal cartilage of the twelfth rib. Both catheters 
were positioned to allow for organ movement and motility in the 
peritoneal cavity. Ivalon sponge collars were tied around each 
catheter with silk sutures to promote adhesions between the peritoneum 
and catheter and to prevent the catheters from becoming dislocated. 
To complete the shunt, the cannulae were connected by pushing the 
exteriorized ends into a 4 cm length of 6.34 mm inside diameter by 
11.11 mm outside diameter piece of silicone rubber tubing. The 
connector was tied with umbilical tape to a 15 cm by 7 cm cloth patch 
which was glued* to a clipped area of skin between the exit wounds. 
^Branding Cement, Midwest Business Farm Supply, Knoxville, lA. 
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The duodenal catheter was flushed with saline, reconnected, and bile 
was allowed to flow through the shunt. Following surgery, all calves 
received 500 ml lactated Ringer's solution® that contained 10® units 
of potassium Q penicillin.® The calves were then restrained in wooden 
stanchions to protect the exteriorized shunts. They were removed from 
their stanchions and allowed ten minutes of exercise daily. 
Experimental Diets 
Milk diets containing 12.5% solids were prepared from reconsti­
tuted skim milk (prepared from nonfat dry milk. Associated Milk 
Producers, Inc., San Antonio, TX). One diet consisted of skim milk 
(SM) alone, while the other three diets contained 2% fat; T (beef 
tallow, Iowa State University Meat Laboratory, Ames, lA), SBO ("Edsoy," 
Staley Manufacturing Co., Decatur, IL), or MF (milk fat rendered from 
unsalted butter. Maple Leaf Unsalted Butter, Beatrice Foods, Chicago, 
IL). The fats were heated, added to the nonfat dry milk-hot water 
mixture, and homogenized at 2500 psi (Manton-Gaulln homogenizer. 
Model 31M-3TA, Gaulin Corp., Everett, MA). Vitamins and minerals,' in 
amounts recommended by the National Research Council (Jacobson et al., 
1978), were added to the formulas, which were stored at 5° until 
®Travenol Laboratories, Inc., Deerfield, IL. 
®E.R. Squibb and Sons, Inc., Princeton, NJ. 
'Vitamins A, D, and E were provided by Hoffman-LaRoche, Inc., 
Nutley, NJ; other vitamins and minerals were supplied by Feed 
Specialities Co., Des Moines, lA. 
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feeding. At feeding time, the formulas were warmed to 25° in a hot 
water bath and fed at 8% of BW per day in two equal feedings by a 
nipple bottle. Calves receiving supplementary dietary cholesterol had 
15 mg crystalline cholesterol (Nutritional Biochemicals, Cleveland, 
OH) per kg BW mixed into their formula before each feeding, resulting 
in a daily supplement of 30 mg per kg BW. 
SM was fed for 3 days or until the calf had recovered from 
surgery and the first lymph and/or bile collection was made. Each 
filled milk diet was fed for a period of 3 days followed by a lymph 
and/or bile collection. After the series of fat-containing diets, 
calves on the bile experiment were returned to SM for 3 days before 
being switched to fat-containing diets plus crystalline cholesterol. 
Failure of the lymph shunts prevented the sampling of the lymph in 
response to fat plus cholesterol. Sequence of diets, age, and body 
weights of the calves is shown in Table 1. 
Lymph and Bile Sampling 
Beginning 1 h before the morning feeding and 12 h postfeeding, 
lymph was collected for the first 15 min of each hour in a plastic 
100 ml graduated cylinder attached to the animal with a harness. The 
collection period for each hour was limited to 15 min to avoid 
the necessity of reinfusing lymph and thus the respiratory distress 
observed by Romsos and McGilliard {1971b) and Richard et al. (1983) 
during reinfusion of lymph. Hourly lymph flow was approximated by 
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Table 1. Experimental calves, age, weight, diet sequence, collections 
Age^ Weight^ 
Calf (wk) (kg) Diet sequence^ Collections'* 
1 16 82 SM-I, MF, T, SBO, SM-II Lymph, Bile 
2 20 100 SM-I, T, SBO, MF, SM-II Lymph, Bile 
3 2 52 SM-I, SBO, MF, T, SM-II Lymph, Bile 
4 7 45 SM-I, T, SBO, MF, SM-II, T+C, SBO+C, MF+C Bile 
5 7 50 SM-I, SBO, MF, T, SM-II, SBO+C, MF+C, T+C Bile 
6 7 55 SM-I, T, SBO, MF, SM-II, T+C, SBO+C, MF+C Bile 
7 10 64 SM-I, MF, T, SBO, SM-II, MF+C, T+C, SBO+C Bile 
8 8 48 SM-I, SBO, MF, T, SM-II, SBO+C, MF+C, T+C Bile 
9 10 64 SM-I, MF, T, SBO, SM-II, MF+C, T+C, SBO+C Bile 
^Age of calves at the start of the experiment. 
^Weight of calves at the start of the experiment. 
'SM-I, first skim milk diet; MF, milk fat; T, tallow; SBO, soybean 
oil; SM-II, second skim milk diet; MF+C, milk fat and crystalline 
cholesterol; T+C, tallow and crystalline cholesterol; SBO+C, soybean 
oil and crystalline cholesterol. 
**Lymph was not collected following SM-II for calves 1-3. 
multiplying each 15 min collection by 4. Ethylenediamine tetra-acetate 
(EDTA) was added to the lymph at 0.20 mg/ml as an anticoagulant. A 
20 ml sample was removed from each 15 min collection and refrigerated 
for subsequent analysis. The packed cell volume did not increase in 
a preliminary experiment using this collection method, indicating 
that loss of lymph was not dehydrating the animal. 
A continuous collection of bile was made over the same time span 
into a 250 ml graduated cylinder. Flow rate was recorded every 30 
min and a 3 ml aliquot was collected for analysis. The prefeeding bile 
collection was not included in calculation of bile flow rate, choles­
terol transport or bile acid transport because, upon disconnection 
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of the bile shunt, a relatively large amount of bile was collected 
compared to subsequent hourly collections. This was likely a 
result of the existence of a pressure build-up in situ. Aliquots 
were combined into hourly samples and the remainder of the bile from 
each 30 min period was reinfused through the duodenal catheter using 
an infusion bottle and a solution administration set® attached to the 
catheter. Bile was reinfused at the rate of production. 
Analytical Procedures 
Cholesterol concentration was measured in fresh lymph samples 
using the enzymatic method of Allain et al. (1974). Reagents were 
obtained in kit form (Centrifichem, Union Carbide Corp., Rye, NY). 
Total lipid concentration was determined in lymph samples gravimetri-
cally by slight modifications (Romsos and McGilliard, 1971b) of the 
method described by Felinski et al. (1964). Bile cholesterol 
concentration was measured enzymatically according to the method of 
Roeschlau et al. (1974) using reagents obtained in kit form (Bio-
dynamics/bmc, Mannheim Boehringer, Indianapolis, IN). Bile acid 
concentration in bile was determined according to the method described 
by Dupont et al. (in press) and is expressed as ymol of cholic acid. 
Statistical Analysis 
An analysis of variance was performed on data collected from the 
3x3 Latin square design balanced for residual effects 
*Travenol Laboratories, Inc., Deerfield, IL. 
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(Cochran and Cox, 1957) to determine the main effects of period, calf, 
fat treatment, and calf by fat treatment interaction. Differences in 
daily and hourly means were tested by submitting least square 
differences to Student's t test. Skim milk treatment was compared to 
fat treatments with an analysis of variance based on a split-plot 
design. 
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RESULTS AND DISCUSSION 
Transport of Cholesterol and Lipid in the Lymph 
Flow rates, cholesterol transport, and total lymph lipid transport 
were compared between lymph collections from each dietary period. 
All data are expressed per kilogram BW to adjust for differences in 
size of calves in this experiment. Richard et al. (1983) fed calves 
the same diets used in this study and compared data from lymph 
collections made on days 2 and 4 of each dietary period. No differ­
ences were observed in cholesterol or triglyceride transport in the 
lymph between collections made on days 2 and 4 indicating stabilization 
of lymph cholesterol and triglyceride transport by the third feeding 
of each treatment. 
Mean hourly lymph flow rates, cholesterol, and lipid transport 
data over the 13 h collection period are presented for each dietary 
treatment in Table 2. SM-fed calves had significantly lower (P<.05) 
lymph flow rates than did the fat-fed calves. No differences (P>.05) 
in flow rate existed between T, SBO, or MF-fed calves. Shannon and 
Lascelles (1967) suggested that the continuous absorption of large 
amounts of lipid by the milk-fed calf is important in stimulating 
lymph flow. A later study (Shannon and Lascelles, 1969) revealed 
lower lymph flow rates when calves were fed skim milk than when they 
were fed whole milk. In the present study, analysis of variance 
indicated a significant variation (P<.05) in lymph flow with time 
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Table 2. Mean hourly lymph flow rate and cholesterol and lipid 
transport^ 
Treatment Flow rate Cholesterol transport Lipid transport 
(n)2 ml/(h X kg BW) mg/(h x kg BW) mg/(h x kg BW) 
x  ± SE X ± SE X ± SE 
SM (3) 6.4 ± 1.2* 1.09 ± 0.30? 8.94 ± 2.74* 
T (3) 7.4 ± 1.9% 2.70 ± 1.06* 38.12 ± 16.91% 
MF (3) 7.6 ± 2.0% 2.41 ± 1.13% 64.86 ± 48.24% 
SBO (3) 8.8 ± 2.4° 1.92 ± 0.54b 32.58 ± 6.69b 
^Thirteen hourly collections (each hourly total estimated from 
15 min collection) used to calculate the means. 
^Dietary treatment followed by number of daily collections used to 
calculate the means. 
^'''Values ± SE in the same column not sharing a common superscript 
are significantly different (P<.05). 
after feeding, which was common to all treatments, and was similar to 
results reported for calves fed either skim milk or whole milk 
(Shannon and Lascelles, 1967; Shannon and Lascelles, 1969). The fat-
fed calves showed an increase in lymph flow rate for the first 1-2 h 
after feeding before flow rates gradually declined (Figure 1). SM-fed 
calves exhibited only a slight increase in flow rate after feeding, 
and then flow rates dropped markedly. This disparity between fat-
supplemented and fat-free diets lends credence to the hypothesis 
(Shannon and Lascelles, 1967) that dietary fat significantly increases 
lymph flow rate. 
Lymph cholesterol transport did not differ significantly (P>.05) 
among fat-fed calves; however, SM-fed calves transported 
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significantly less (P<.05) cholesterol in the mesenteric lymph than 
did fat-fed calves (Table 2). There were no significant time effects 
in any of the dietary treatments over the course of the collection 
periods indicating the rather continuous nature of mesenteric lymph 
cholesterol transport (Figure 2). Few data are available on lymph 
cholesterol flux in the preruminant calf in response to source of 
dietary fat. Richard et al. (1983) reported less lymph cholesterol 
transport in SM-fed calves than in calves fed fat plus 0.067% 
crystalline cholesterol. Calves fed SBO plus crystalline cholesterol 
also had lower lymph cholesterol flux than did those fed T plus 
cholesterol or MF plus cholesterol. In this study, lymph cholesterol 
transport was numerically less in SBO-fed calves than in T or MF-fed 
calves, but the difference was not significant. Sterol is present 
in all of the dietary fats studied (tallow, 0.22%; milk fat, 0.20%; 
and soybean oil, 0.56%); however, the sterol in soybean oil is 
primarily 3-sitosterol and it is poorly absorbed. Assuming total 
absorption of the indigenous cholesterol in the T and MF diets, 
0.1-0.2 mg/(h X kg BW) could be accounted for by dietary differences, 
which brings the treatment differences even closer together. SM-fed 
calves would be expected to transport less mesenteric lymph 
cholesterol than fat-fed calves because of the lack of dietary 
cholesterol as well as the lack of lipid to serve as substrate for 
de novo cholesterol biosynthesis in the intestine. Measurement of 
total mesenteric lymph cholesterol transport does not accurately 
Figure 1. Rate of mesenteric lymph flow in response to SM, MF, T, and SBO diets 
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Figure 2. Transport of cholesterol in the mesenteric lymph in response to SM, 
MF, T, and SBO diets 
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assess the effects of dietary fat on intestinal cholesterol synthesis 
because of other endogenous inputs such as biliary cholesterol and 
capillary filtrate. This topic will be addressed in Section II. 
Data in the literature on the effect of the proportion of 
saturated fatty acids in the dietary fat on cholesterol absorption in 
species other than the calf are contradictory. Increasing the 
proportion of polyunsaturated fatty acids in the diet has resulted in 
increased absorption of exogenous cholesterol (Vahouny and Treadwell, 
1959; Tanaka and Portman, 1977), decreased absorption (Wood et al., 
1966; Fraser and Courtice, 1969; Fraser et al., 1972), and no 
difference (Ockner, et al., 1969; Klauda and Quackenbush, 1970; Corey 
et al., 1976). Of these studies, only Ockner et al. (1969) measured 
endogenous lymph cholesterol transport. They found no effect of 
fatty acid saturation on cholesterol flux; however, they infused 
only micelles containing palmitate or linoleate rather than animal 
and vegetable fats which contain a variety of fatty acids. The 
inconsistency of results obtained on lymph cholesterol transport in 
response to polyunsaturated and saturated fatty acids obscures the 
magnitude of intestinal cholesterol synthesis. Because the intestine 
is second only to the liver in the magnitude of ^ novo cholesterol 
synthesis (Mclntyre and Isselbacher, 1973), saturated and unsaturated 
fat feeding should be more closely evaluated with respect to this 
important endogenous source of cholesterol. 
Total lipid transport was significantly less (P<.05) in SM-fed 
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calves than in fat-fed calves (Table 2). The output of total lipid 
in lymph over a 12 h period following SM feeding exceeded that 
available to the calf in the diet. This is attributed to endogenous 
sources such as bile and capillary filtrate (Shannon and Lascelles, 
1969). MF-fed calves transported twice as much total lipid in the 
mesenteric lymph as did SBO-fed calves; however, one MF-fed calf 
had exceptionally low lipid transport in response to MF resulting in 
a high standard error and lack of significance (P>.05). T-fed calves 
transported 15% more lipid in the mesenteric lymph than did SBO-fed 
calves, but the differences was not significant (P>.05). Work by 
Ockner et al. (1972) showed that saturated fatty acids are absorbed 
over a longer length of the intestine than are unsaturated fatty 
acids. This could account for the lower lipid absorption in SBO-fed 
calves when compared to T-fed calves, but certainly would not explain 
the high lipid absorption into lymph in MF-fed calves. 
Of the three fats fed, MF contains the greatest proportion of 
short-and medium-chain fatty acids, which upon triglyceride hydrolysis, 
may be absorbed into the portal blood, thus bypassing the lymphatic 
absorption route. Based on this premise, MF-fed calves should have 
transported less total lipid in the mesenteric lymph than T- or SBO-
fed calves; however, the opposite occurred. In work with 
Mycobacterium paratuberculosis, Merkal® has suggested that the 
'Personal communication, R. S. Merkal, National Animal Disease 
Center, Ames, lA 50010. 
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organism adheres to the milk fat globule membrane of colostrum and 
the entire globule is absorbed intact through the intestinal wall in 
the early life of the preruminant. The one MF-fed calf which had low 
lymph lipid transport in response to MF, was 4j^eeks older than calf 
1 and 18 weeks older than calf 3. Therefore, if particulate absorp­
tion of MF does occur in the preruminant, it may be a process which 
decreases with age, and may explain differences observed between 
treatments as well as calves in this study. 
Lymph lipid transport was relatively constant over the course of 
collection period (Figure 3) except in the case of MF-fed calves. In­
creased lipid transport after feeding has been observed by others 
(Richard et al., 1983; Beitz et al., 1971; Shannon and Lascelles, 
1967), and is likely a result of increased secretion of bile lipid 
into the intestine and increased blood flow to the gut resulting in 
more lipid originating from capillary filtrate. There were no 
significant period effects (P>.05) in the present study indicating 
that time after surgery did not affect lymph lipid absorption. 
Transport of Bile Salts and Cholesterol 
There is a paucity of information in the literature regarding 
bile secretion and composition in the preruminant calf. Studies have 
been hindered by difficulties related to chronic bile sampling 
without adverse effects on the calf. Our technique has allowed us to 
test dietary effects over long periods of time while maintaining the 
health and vigor of our animals. 
Figure 3. Lipid transport in the mesenteric lymph in response to SM, MF, T, 
and SBO diets 
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Mean bile flow after feeding (average of all calves) was 1.81 
ml/(h X kg BW) (Table 3); however, flow varied considerably over the 
collection period as well as among calves. Debarre et al. (1979) 
reported higher flow rates (.88 ml/[h x kg BW]) in calves fed whole 
milk. Symonds and Mallinson (1982) reported a flow rate of 0.83 
ml/(h X kg BW) in adult steers. These differences could be due to fat 
intake because the calf fed whole cow's milk (4% fat) would consume 
twice as much fat as the calves in the present study (2% fat) and 8-10 
times as much fat as adult steers. Data presented here (Table 3) do 
not agree entirely with this hypothesis, because SMI-fed calves actually 
had greater bile flow rates than T or SBO+C-fed calves. Our surgical 
preparation did not allow for concentration of bile in the gallbladder 
as is normally the case between feedings. When our technique was 
developed, we were more interested in biliary transport of cholesterol 
and bile salts over the course of a 12-h period than flow rate at a 
given time. 
Biliary cholesterol and bile acid transport are of interest to us 
because 1) bile cholesterol is an important source of endogenous 
mesenteric lymph cholesterol and efforts to quantitate lymph cholester­
ol transport and origin must consider the biliary input and 2) changes 
in blood or tissue cholesterol concentration in response to diet may 
be mediated through changes in biliary excretion of cholesterol and 
its metabolites, such as bile acids. 
Bile cholesterol and bile acid excretion into bile have been 
Table 3. Mean hourly bile flow rate, cholesterol, and bile acid transport® 
u Flow rate^ Cholesterol transport^ Bile acid transport^ 
Treatment ml/(h X kg BW) mq/(h X kq BW) umol/(h X kq BW)® 
X SE X SE X SE 
SM-I 2.08 ± 0.28 0.45 ± 0.05 53.2 ± 13.4 
MF 1.92 ± 0.31 0.20 ± 0.06 37.8 ± 6.2 
T 1.52 ± 0.24 0.26 ± 0.03 37.9 ± 9.2 
SBO 1.82 ± 0.16 0.26 ± 0.05 46.0 ± 11.8 
SM-II 1.77 ± 0.27 0.22 ± 0.03 38.0 ± 9.6 
MF+C 1.93 ± 0.24 0.20 ± 0.06 52.6 ± 8.7 
T+C 2.16 ± 0.33 0.25 ± 0.08 25.9 ± 9.8 
SBO+C 1.23 ± 0.35 0.16 ± 0.03 35.7 ± 5.5 
Treatment . SM-I>T, SBO + C; SM-I>MF, T, SBO, SM-II, N.S. 
Comparisons T + C>T, SBO + C; MF + C, T + C, SBO + C 
MF + OT, SBO + C 
^Hourly means based on 12 h postfeeding. Prefeeding collections not included in data. 
first skim milk diet fed; MF, milk fat; T, tallow; SBO, soybean oil; SM-II, second 
skim milk diet fed; MF + C, milk fat and cholesterol; T + C, tallow and cholesterol; SBO + C 
soybean oil and cholesterol. 
S = 9 for SM-I, MF, T, SBO, SM-II; n = 6 for MF + C, T + C, SBO + C. 
^n = 6 per treatment. 
^Based on #ol cholic acid. 
^Significantly different (P<.05). 
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shown to increase in chicks (Lindsay et al., 1969) and rats 
(Boquillon and Clement, 1979; Paul and Ganguly, 1976) when diets high 
in polyunsaturated fat were fed. The enterohepatic circulation of 
bile salts and cholesterol was interrupted in these studies. There 
is considerable evidence that bile salts regulate the activity of the 
rate determining enzyme for cholesterol synthesis (HMG-CoA reductase) 
in liver microsomes (Breslow et al., 1975; Shefer et al., 1973). 
Interruption of the enterohepatic circulation could result in 
abnormally high hepatic cholesterol genesis and bile acid formation. 
In the present study, the enterohepatic circulation was maintained 
intact and no effect of fat source was observed in either bile cho­
lesterol transport or bile acid transport (Table 3). We did, however, 
see a significantly higher (P<.05) bile cholesterol transport in 
response to the SM-I diet (Figure 4) over the course of the 12 h 
collection period. Weis and Dietschy (1969) proposed that hepatic 
sterol synthesis is controlled by cholesterol reaching the liver from 
intestinal lymphatic chylomicrons. They demonstrated this by intra­
venously infusing cholesterol in chylomicrons, which prevented the rise 
in hepatic cholesterol genesis in animals with biliary diversion. We 
show a significantly lower (P<.05) lymphatic cholesterol transport 
in calves fed SM. Thus, the lower lymphatic cholesterol transport 
could be activating the hepatic HMG-CoA reductase enzyme resulting 
in high bile cholesterol transport in the SM-I-fed calves. Bile acid 
Figure 4. Bile cholesterol transport in response to 
SM-I, MF, T, and SBO diets 
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transport tended to be higher in SM-I-fed calves as well; however, 
the difference observed was not significant (P>.05) due to the high 
variability in bile acid transport between calves. SM-I-fed calves 
had greater bile cholesterol transport than did SM-II-fed calves 
(P<.05), and SM-II did not differ from the fat treatments alone or fat 
plus cholesterol treatments (Figure 5). This disparity could be a 
result of the length of time the SM diets were fed. SM-I was fed for 
a period of no less than 3 days after surgery, but in some cases 5 
days was required for recovery before the first collection was made; 
whereas, SM-II was always fed for 3 days, allowing more time for diet-
induced changes in bile cholesterol transport to develop in response 
to SM-I. 
Our data indicate that changes in lymph and bile cholesterol 
transport resulting from source of dietary fat are very subtle. Other 
endogenous lymph cholesterol inputs, such as capillary filtrate, 
must be considered before the effect of diet on intestinal cholesterol 
synthesis can be determined quantitatively. 
Figure 5. Bile cholesterol transport in response to 
SM-II, MF + C, T + C, and SBO + C diets 
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SECTION II. CHOLESTEROL TRANSPORT IN MESENTERIC LYMPH: 
CONTRIBUTION OF CHOLESTEROL TRANSPOSITION 
FROM BLOOD TO LYMPH 
89 
ABSTRACT 
Eight preruminant male calves were prepared surgically with 
lymphatico-venous shunts and re-entrant gallbladder to proximal 
duodenum shunts. Liquid diets were formulated to contain 12.5% dried 
skim milk (SM) or 10.5% SM to which was added 2% soybean oil (SBO), 
milk fat (MF), or beef tallow (T). Two calves were assigned to each 
dietary treatment. Transposition of cholesterol from blood capillaries 
to intestinal lymph was determined by injection of 100 y Ci [4-i^C]-
cholesterol into the blood of calves at feeding time. To avoid 
recirculation of [4-^'*C]-cholesterol via the enterohepatic circulation, 
bile was diverted and replaced with bile from a donor calf fed an 
identical diet. For the SM, SBO, MF and T diets, respectively, 
cholesterol transposed from capillaries was 44, 61, 36 and 48% of the 
cholesterol transported in the mesenteric lymph. Data presented in 
Section I are integrated with the Isotopic experiments and cholesterol 
synthesis in response to the test diets is calculated. Our data 
show that intestinal cholesterol synthesis is less when calves are 
fed SM or SBO than when fed T or MF. 
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INTRODUCTION 
Our laboratory has shown that calves fed SBO usually develop 
greater plasma cholesterol concentrations and consistently accumulate 
more cholesterol in body tissue than do tallow (T)-fed calves 
(Jacobson et al., 1974; Wiggers et al., 1977; Stewart et al., 1978; 
Barrows et al., 1980; Richard et al., 1980). The source of the 
increased tissue cholesterol concentration of calves fed diets devoid 
of cholesterol (SBO) may have been endogenous cholesterol production 
(Wiggers et al., 1977; Stewart et al., 1978; Barrows et al., 1980; 
Richard et al., 1980) or a possible redistribution of body cholesterol 
from blood to tissue as noted by Jacobson et al. (1974) study where 
SBO-fed calves had lower plasma cholesterol but greater tissue 
cholesterol concentrations than T-fed calves. 
It is generally accepted that endogenous cholesterol production 
is the greatest source of plasma cholesterol (Grundy et al., 1969; 
Borgstrom, 1969). Goodman and Noble (1968) have shown that the liver 
and the intestine are the two most active tissues in cholesterol 
production. Other studies have indicated that the intestinal wall may 
be the most important tissue for cholesterol biosynthesis (Dietschy 
and Siperstein, 1965; Lindsey and Wilson, 1965; Wilson, 1968; Dietschy 
and Wilson, 1968). Cholesterol synthesized by the intestine is 
absorbed via the intestinal lymphatic system. Data in the literature 
on the effect of the degree of saturation of dietary fat on 
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cholesterol transport in the intestinal lymph are contradictory. 
Feeding polyunsaturated fat has resulted in increased cholesterol 
transport in the rat, monkey and calf (Vahouny and Treadwell, 1959; 
Tanaka and Portman, 1977; Richard et al., 1983), decreased transport 
in the human and monkey (Wood et al., 1966; Fraser and Courtice, 
1969; Fraser et al., 1972), and no difference in the rat and monkey 
(Ockner et al., 1969; Klauda and Quakenbush, 1970; Corey et al., 
1976). 
The cholesterol transported to the bloodstream via the intestinal 
lymphatics originates from the diet, mucosal synthesis and turnover, 
absorption of bile cholesterol, and transposition of cholesterol 
from the intestinal arterial blood (Figure 1). In the present study, 
methods were developed to compare the effect of source of dietary fat, 
as well as lack thereof, on three possible sources of endogenous 
mesenteric lymph cholesterol. In consideration" of the importance 
of the intestinal wall in cholesterol biosynthesis, and the influence 
dietary fat may have, our method allows for calculation of the 
magnitude of intestinal wall synthesis in response to dietary changes 
over time. 
Figure 1. Schematic indicating the sources of mesenteric lymph cholesterol (C): 
1) Synthesized C from intestine and liver; 2) Bile C; 3) Dietary C; 
and 4) Plasma C, which is transposed to the lymph. Peripheral C is 
cholesterol transposed to nonmesenteric lymph and returned to the 
general circulation. Lymphatico-venous shunt and re-entrant gall­
bladder to proximal duodenum shunt depicted in situ 
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MATERIALS AND METHODS 
Experimental Animals and Diets 
Eight preruminant Hoi stein male calves averaging 55 kg and 10 
weeks of age were used in this study. All calves were prepared with 
lymphatiCO-venous shunts and re-entrant gallbladder to proximal 
duodenum shunts as previously described in Section I. Diet 
formulation and feeding was as described in Section I. 
Isotope Infusion and Sampling Protocol 
One hundred yCi of [4-^'*C]-cholesterol^ (98% purity) was dis­
solved in 2 ml of ethanol and added to 200 ml of whole blood that had 
been removed from the calf via the caudal vena cava catheter of the 
lymphatico-venous shunt. The isotope-blood mixture was contained in 
a Transfuso Vac®^ bottle and was incubated in a water bath at 39°C 
for 30 min. The isotope-blood mixture was infused into the caudal 
vena cava catheter with a blood administration set^ after the prefced­
ing lymph and bile samples were collected (time = 0 h). Lymph and 
bile sampling followed the same routine described in Section I. 
Twenty ml of blood was collected from the caudal vena cava at the 
^New England Nuclear Corp., Boston, MA. 
^Transfuso Vac®, Baxter Laboratories, Morton Grove, IL. 200 ml 
of whole blood in .22 gm citric acid, .66 gm sodium citrate and .74 
gm dextrose. 
'Diamond Laboratories, Inc., Des Moines, lA. 
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beginning of each lymph and bile collection period. The blood was 
immediately centrifuged** and plasma was stored at 5 C until determina­
tion of specific activity. 
A calf of similar size and weight fitted with a re-entrant gall­
bladder to caudal vena cava shunt was fed an identical diet to that of 
the calf under study and served as a bile donor. Bile taken from the 
donor calf was used to completely replace the bile collected from the 
calf receiving the isotope. Donor bile was infused into the duodenum 
at a rate corresponding to outflow. This prevented isotope from 
entering the intestinal lumen via the biliary tract and ensured that 
the only source of isotope in the lymph would be capillary filtrate. 
Analytical Procedures 
Lymph and plasma cholesterol concentrations were determined 
spectrophotometrically as described in Section I. Duplicate 1 ml 
samples of lymph and plasma from each hourly collection were 
lyophilized, extracted with 10 ml of 2:1 chloroforrn-methanol, 
filtered through glass wool, dried and counted in 10 ml of scintil­
lation fluid in the Beckman LS-lOO liquid scintillation counter. 
Plasma and lymph samples were fractionated according to the method of 
Havel et al. (1955) using a Beckman Model L-2 ultracentrifuge. 
Specific activity within the chylomicron + VLDL, LDL, HDL, and HDL 
infranatant fractions was determined. 
*Triac Centrifuge, Clay Adams, Division of Becton, Dickinson and 
Company. 
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Statistical Analysis 
The portion of lymph cholesterol originating via transposition 
from intestinal arterial blood was calculated by dividing lymph 
specific activity by plasma specific activity. A mean of the specific 
activity ratios was calculated for each calf using lymph and plasma 
specific activities from hours 1-12. Treatment means of specific 
activity ratios were compared applying Student's t test to least 
square differences. 
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RESULTS AND DISCUSSION 
Specific Activities in Blood and Lymph 
Intravenous pulse labeling with [4-^**0]-cholesterol resulted in 
plasma specific activities that were greater than lymph specific 
activities during the linear phase of the plasma radiocholesterol 
decay curve (Figures 2-9). Dissimilarity of lymph and plasma 
cholesterol specific activities indicates that sources of cholesterol 
other than plasma transposition diluted the specific activity in the 
lymph. These sources are dietary cholesterol, biliary cholesterol, 
cholesterol synthesized by the intestinal wall, and cholesterol from 
desquamated mucosal cells. 
QuintSo et al. (1979) studied the origin of cholesterol trans­
ported in intestinal lymph in humans. Their subjects had filarial 
chyluria, a condition in which a fistula exists between the intestinal 
lymphatic system and the renal pelvis. Small amounts of cholesterol 
and lipoproteins originating from the intestine are diverted into the 
urine. Lymph and plasma specific activities were similar in patients 
receiving a pulse dose of [4-^'*C]-cholesterol. The lack of dilution 
of lymph specific activity would indicate that intestinal cholesterol 
synthesis is absent; however, the authors cautioned that their findings 
were not unequivocal because exchange of labeled cholesterol may have 
occurred between plasma and biliary cholesterol providing a second 
lymphatic source of radiocholesterol. 
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In the present study, use of a donor calf to replace bile pro­
duced by the calf receiving the isotope prevented labeled plasma 
cholesterol from exchanging with bile and entering intestinal lymph 
via the biliary route. We feel this provided a procedure which 
allowed us to accurately measure the portion of lymph cholesterol 
originating from capillary filtrate. 
Disappearance of radi©cholesterol from a lymph or plasma decay 
curve occurs over days rather than hours, as evidenced by isotope 
injections in the human, pig and goat (Quintao et al., 1979; 
Aigueperse et al., 1981; Raphael et al., 1975). Thus, plotting the 
decay curve over the course of 12 h following administration of the 
cholesterol isotope resulted in a rather constant specific activity 
in plasma and lymph, following the initial stabilization after 
administration (Figures 2-9). Fractionation of plasma into the major 
lipoprotein classifications and determination of specific activity 
within each demonstrated that the cholesterol isotope was present in 
concentrations relative to the absolute concentration of cholesterol 
in each fraction. This is important because validity of the 
cholesterol isotope as a marker for transposition is dependent upon 
behavior similar to indigenous plasma cholesterol. 
Kinetics of Mesenteric Lymph Cholesterol Absorption 
In Section I, lymph and bile cholesterol transport in response to 
SM, SBO, MF, and T diets was determined. Calves fed SM transported 
Figure 2. Calf 1-Skim milk diet. UPPER PANEL: 
[4-i'»C]-cholesterol specific 
activity (dptn/mg) curve in plasma 
(!) and lymph (0). LOWER PANEL: 
L4-^*C]-cholesterol specific 
ac t iv i ty  ra t ios ,  lymph/p lasma (A) .  
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Figure 3. Calf 2-Skim milk diet. UPPER PANEL: 
[4-]^C]-cholesterol specific 
activity (dpm/mg) curve in plasma 
{•) and lymph (0). LOWER PANEL: 
[4-i*C]-cholesterol specific 
ac t iv i ty  ra t ios ,  lymph/p lasma (A) .  
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Figure 4. Calf 3-Soybean oil diet (SBO). UPPER PANEL: 
[4-i'*C]-cholesterol specific activity 
(dpm/mg) curve in plasma {•) and lymph (0). 
LOWER PANEL: [4-^^C]-cholesterol specific 
ac t iv i ty  ra t ios ,  lymph/p lasma (A) .  
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Figure 5. Calf 4-Soybean oil diet (SBO). UPPER PANEL: 
[4_i'»C]-cholesterol specific activity 
(dpm/mg) curve in plasma (!) and lymph (0). 
LOWER PANEL: [4-^^C]-cholesterol specific 
ac t iv i ty  ra t ios ,  lymph/p lasma (A) .  
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Figure 6. Calf 5-Milk fat diet (MF). UPPER PANEL: 
[4-i'»C]-cholesterol specific activity 
(dpm/mg) curve in plasma (!) and lymph (0). 
LOWER PANEL: [4-^ C]-cholesterol specific 
ac t iv i ty  ra t ios ,  lymph/p lasma (A) .  
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Figure 7. Calf 6-Milk fat diet (MF). UPPER PANEL: 
[4-^^C]-cholestero1 specific activity 
(dpm/mg) curve in plasma (#) and lymph (0). 
LOWER PANEL: [4-'•^C]-cholesterol specific 
ac t iv i ty  ra t ios ,  lymph/p lasma (A) .  
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Figure 8. Calf T-Tallow diet (T). UPPER PANEL: 
[4-i'*C]-cholesterol specific activity 
(dpm/mg) curve in plasma (!) and 
lymph (0). LOWER PANEL: [4-"C]-
cholesterol specific activity ratios, 
lymph/plasma (A). 
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Figure 9. Calf 8-Tallow diet (T). UPPER PANEL: 
[4-i*C]-cholesterol specific activity 
(dpm/mg) curve in plasma (!) and 
lymph (0). LOWER PANEL: [4-^'^C]-
cholesterol specific activity ratios, 
lymph/plasma (A). 
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significantly less (P<.05) cholesterol in the mesenteric lymph than 
did calves fed SBO, MF, or T. Calves fed SBO transported less 
cholesterol in the mesenteric lymph than did MF or T-fed calves; how­
ever, the difference was not statistically significant (P>.05). A 
previous study in our laboratory (Richard et al., 1983) showed 
significantly lower (P<.05) lymph cholesterol transport in SBO-fed 
calves than in calves fed MF or T. Because of our observations on the 
effect of feeding polyunsaturated fat to preruminant calves and the 
importance of the intestine in endogenous cholesterol synthesis, we 
have further defined the sources of mesenteric lymph cholesterol to 
enable us to calculate the quantity of cholesterol synthesized by the 
intestine in response to our test diets. 
Table 1 integrates data collected in Section I with the trans­
position experiments presented in this section. Having measured 
cholesterol transported in mesenteric lymph (L) and bile (B), 
cholesterol synthesized by the intestinal wall was calculated as 
follows. (L) - (D) = (E), where (D) = dietary or exogenous choles­
terol contributed by the dietary fat; and (E) = endogenous lymph 
cholesterol that originates from bile, capillary filtrate, de novo 
intestinal synthesis, and desquamated mucosal cells. By calculating 
a mean of the [4-^'*C]-cholesterol specific activity ratios (lymph/ 
plasma) from hours 1-12 (Figures 2-9, lower panel) for each calf, a 
treatment mean of the ratios (R) was calculated (Table 1). (E) x (R) = 
(T), where (T) = the portion of lymph cholesterol originating from 
Table 1. Kinetics of lymph cholesterol absorption in the preruminant calf 
-Treatments®-
SM SBO MF 
Lymph cholesterol 
transport (L)° mg/ 
(12 h X kg BW ± SE) hi i i (n) 13.08 ± 3.(50(3)" 23.04 ± 6.48(3)^ 28.92 ± 12.72(3)^ 32.40 ± 13.56(3)^ 
Dietary cholesterol 
(D)c mg/(12 h x kg 
BW) 0 0 2.00 1.80 
Endogenous cholesterol 
transported in lymph 
(E)d [(L) -  (D) = (E)] 
mg/(12 h X kg BW) 13.08 23.04 26.92 30.64 
Specific activity ^ h h h h 
ratio ± SE (n) (R)® 0.44 ± .12(2)" 0.61 ± .20(2)" 0.36 ± .05(2)" 0.48 ± .01(2)" 
Lymph cholesterol 
originating from 
transposition (T) 
[(E) X (R) = (T)] 
mg/(12 h X kg BW) 5.75 14.05 9.69 14.71 
Lymph cholesterol 
absorbed or synthesized 
(A)f [(E) -  (T) -  (A)] 
mg/(12 h X kg BW) 7.33 8.99 17.23 15.93 
3.48 ± 0.72(9)1 3.12 ± 0.36(9)' 
13.75 12.81 
^Dietary treatments; SM, skim milk; MF, milk fat; T, tallow; SBO, soybean oil. 
'^Data from Section I. 
^Cholesterol contributed by the dietary fat. 
^Includes cholesterol originating from bile, capillary filtrate, de novo intestinal 
synthesis, and desquamated mucosal cells. 
®Lymph specific activity (SA)/plasma SA. 
^Includes cholesterol originating from bile, de novo intestinal synthesis, and 
desquamated mucosal cells. 
^Includes cholesterol originating from de novo intestinal synthesis and desquamated 
mucosal cells. Assumes 100% of bile cholesterol is absorbed into the lymph. 
'l'évalues ± SE in same row not sharing a common superscript are significantly 
different (P<.05). 
Bile cholesterol 
transport (B)b 
mg/(12 h X kg BW ± SE) u . 
(n) 5.40 ± 0.60(9)" 3.12 ± 0.60(9)' 
Minimum amount of 
cholesterol 
synthesized (S)9 
[(A) - (B) = (S)] 
mg/(12 h X kg BW) 1.93 5.87 
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transposition from the intestinal arterial blood. The portion of (E) 
not originating as a result of transposition (T) is referred to as 
absorbed plus synthesized cholesterol (A), [(E) - (T) = (A)]. (A) 
includes cholesterol originating from bile, de novo intestinal syn­
thesis, and desquamated mucosal cells. Cholesterol synthesized by 
the intestine can be calculated as follows. (A) - (B) = (S), where 
(B) = bile cholesterol; (S) = synthesized cholesterol, including 
other minor endogenous sources such as desquamated mucosal cell 
cholesterol. (S) is the minimum amount of cholesterol synthesized by 
the intestine when 100% of (B) is reabsorbed into the lymph. If a 
portion of (B) is reabsorbed into the portal blood or excreted in the 
feces, (S) would increase. 
These data indicate that when substrate is limited, as in the case 
of the fat free diet (SM), de novo intestinal synthesis of cholesterol 
is at a minimum [1.93 mg/(12 h x kg BW)]. Feeding a polyunsaturated 
fat (SBC) resulted in intestinal cholesterol synthesis that was 
considerably less than that resulting from the more saturated fat 
containing diets MF and T [5.87 vs. 13.75 and 12.81 mg/(12 h x kg BW), 
respectively]. 
The magnitude of cholesterol transposition from blood to lymph 
was not anticipated in this experiment; however, there is evidence 
in the literature to support our observation. Casley Smith (1962) 
reported that there were gaps in the lacteal wall which allow leakage 
of particles as large as red blood cells. Wilson (1968) calculated 
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that 85% of the lymph cholesterol originated from plasma in squirrel 
monkeys fed a low cholesterol diet. Barrowman and Turner (1976) 
found lipoproteins of unknown origin in intestinal lymph of rats fed 
medium-chain triglycerides, which are known to be transported solely 
by the portal system. These findings all lend credence to our data, 
which indicate that 36-61% of intestinal lymph cholesterol originates 
from transposition. 
The specific activity ratios calculated from the plasma and lymph 
specific activity decay curves have the greatest effect upon cal­
culation of the amount of cholesterol synthesized. It must be 
cautioned that only two calves per treatment were studied isotopically, 
and the ratio elicited in response to SBO was high (.61 ± .20), but 
the standard error was high as well. This high ratio results from 
the lymph and plasma specific activity decay curves from calf 4 
(Figure 5), and is unusual when compared to decay curves from the 
other calves. Calf 4 may have been an unusual experiment unit, or 
the bile produced by the donor calf that was infused into calf 4 may 
have been abnormally low in cholesterol. This would result in a low 
input of biliary cholesterol into the lymph and would cause the 
specific activities of plasma and lymph to be similar. 
The effect of the degree of saturation of dietary fat on 
cholesterol absorption is a subject of current debate. Few studies 
have quantitated the influence of fat source on mass flux of 
cholesterol into the lymph and, to our knowledge, no in vivo data 
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exist on the effect of dietary fat upon intestinal cholesterol 
synthesis. 
Our data indicate that SBC feeding results in lesser cholesterol 
synthesis in the intestine of the calf than that resulting from T or 
MF feeding. This finding, coupled with our previous work where we 
show an increased accumulation of cholesterol in selected tissues of 
the calf in response to SBO feeding (Jacobson et al., 1974; Wiggers 
et al., 1977; Stewart et al., 1978; Barrows et al., 1980; Richard 
et al., 1980), lead us to the conclusion that the apparent increased 
cholesterol accumulation caused by SBO feeding is not mediated through 
increased intestinal cholesterol genesis. 
The biliary cholesterol transport in response to fat source did 
not differ among fat treatments (Table 1), indicating that the in­
creased tissue cholesterol in response to SBO does not originate from 
hepatic sources that are transferred to the bile. This does not, 
however, imply that the liver is not involved in this SBO-induced 
phenomena in the calf, because a portion of hepatic cholesterol is 
excreted from the liver via the hepatic veins. Considerable evidence 
indicates that hepatic cholesterolgenesis is controlled by the HMG-CoA 
reductase enzyme in the formation of mevalonic acid from HMG-CoA. 
Studies have shown that cholesterol or bile salt derivatives of 
cholesterol regulate the activity of this enzyme in liver microsomes 
as they return to the liver via the enterohepatic circulation 
(Breslow et al., 1975; Shefer et al., 1973). Contrary to these 
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observations, Weis and Dietschy (1969) have reported that when the 
enterohepatic circulation is restored in animals with an external 
biliary diversion by intraduodenal infusion of various pure bile acids, 
hepatic cholesterol genesis is not suppressed. Instead, they propose 
that hepatic cholesterol synthesis is controlled by the cholesterol 
reaching the liver from intestinal lymphatic chylomicrons. They were 
able to demonstrate this by intravenously infusing chylomicrons 
containing cholesterol, which prevented the rise in hepatic 
cholesterol genesi s in animals with biliary diversion. In the present 
study, SBO-fed calves would be expected to have extremely low 
chylomicron cholesterol concentrations because the diet was devoid of 
cholesterol and the quantity of cholesterol synthesized by the 
intestine was very low when compared to the T and MF-fed calves. A 
large portion of lymph cholesterol (61%) originated from plasma trans­
position. Cholesterol transposed to the lymph from the intestinal 
arterial blood would be primarily associated with HDL and LDL 
fractions. Thus, hepatic cholesterol genesis may be stimulated in 
response to SBO feeding in the calf and it may over-compensate for the 
lack of intestinal cholesterol genesis. Further studies on the 
effect of fat source on hepatic cholesterol genesis must be conducted 
before the mechanism responsible for high tissue cholesterol concen­
trations in response to SBO feeding can be understood. 
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SUMMARY AND CONCLUSIONS 
Mesenteric lymphatico-venous shunts and re-entrant gallbladder 
to proximal duodenum shunts were surgically implanted in preruminant 
calves. Dietary treatments consisted of skim milk (SM) fed alone; 
SM plus 2% soybean oil (SBC), tallow (T), or milk fat (MF); and SM 
fed with cholesterol (0.067%) plus 2% SBO, T, or MF. The experiment 
was designed to determine lymph cholesterol and lipid output as well 
as bile cholesterol and bile acid output in response to the dietary 
treatments. Additionally, isotopic cholesterol was injected to 
determine transposition of cholesterol from the mesenteric capillaries 
to the mesenteric lymph. The following conclusions can be made from 
this study. 
Lymph flow in SM-fed calves was significantly less than lymph 
flow in SBO, T, and MF-fed calves. A significant variation in lymph 
flow with time after feeding was common to all dietary treatments. 
Lymph cholesterol transport did not differ significantly among 
fat-fed calves; however, SM-fed calves transported less cholesterol 
in mesenteric lymph than did fat-fed calves. There were no signifi­
cant time effects in any of the dietary treatments over the course of 
the collection periods, emphasizing the continuous nature of 
mesenteric lymph cholesterol transport. 
Total lipid transport was significantly less in SM-fed calves 
than in fat-fed calves. The output of total lipid in lymph over a 
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12 h period following SM feeding exceeded that available to the calf in 
the diet, suggesting a substantial contribution of endogenous sources 
such as bile and capillary filtrate. Transport of lipid in the lymph 
was relatively constant over the course of the collection periods and 
no significant period effects existed indicating that time after 
surgery did not affect absorption of lipid into the lymph. 
Development of a technique to collect bile over long periods of 
time without adverse effects on the calf allowed us to evaluated the 
effects of our test diets on bile flow and composition. No signifi­
cant effect of fat source was observed in either bile cholesterol 
transport or bile acid transport; however, SM-fed calves transported 
significantly more cholesterol in the bile than did fat-fed calves. 
SM-fed calves also transported less cholesterol in the mesenteric 
lymph, indicating that the lack of lymphatic cholesterol reaching the 
liver may have activated hepatic cholesterol synthesis. Bile acid 
transport tended to be higher in SM-fed calves; however, the 
difference was not significant. 
Intravenous administration of [4-^*^0]-cholesterol and re­
placement of bile with bile from a donor calf allowed us to determine 
cholesterol transposition from the mesenteric capillaries to the 
mesenteric lymph. Transposition accounted for a large portion of the 
total cholesterol transported In the mesenteric lymph (36-61%). 
Integration of the transposition data with the mesenteric and 
biliary cholesterol transport data allowed us to calculate the minimum 
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amount of cholesterol synthesized by the intestinal wall. Cholesterol 
synthesis for the SM, SBO, MF, and T diets averaged 1.93, 5.87, 13.75, 
and 12.81 mg/(12 h x kg BW), respectively. These data indicate that 
the increased plasma and tissue cholesterol concentrations observed in 
response to SBO diets fed to calves in previous experiments in our 
laboratory are not a result of increased intestinal cholesterol genesis. 
Elucidation of mechanisms responsible for the increase in 
plasma and tissue cholesterol in response to SBO feeding will require 
further study of the role of the liver in diet-induced cholesterol-
genesis. There may well be an interaction between the intestine and 
the liver in cholesterol genesis. There are data to indicate that 
intestinal lymph lipoproteins may influence hepatic cholesterol genesis. 
A likely follow-up to this study would further define bile acid 
components and their fecal metabolites as well as intestinal lymph 
lipoproteins and their effect upon hepatic cholesterol genesis and the 
resultant bile acid derivatives. 
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APPENDIX 
Table Al. Lymph flow rate, total lipid and cholesterol and bile flow rate and cholesterol of 
calves 1, 2, and 3 fed skim milk (SM)a'b,c 
Hour of Lymph flow Lymph lipid Lymph cholesterol Bile flow Bile cholesterol 
collection ml/(h x kg BW) mq/(h x kg BW) mg/(h x kg BW) ml/(h x kg BW) mg/(h x kg BW) 
0 7.5 ± 2.1 9.08 ± 3.52 1.26 ± 0.32 8.9 ± 2.0 
1 8.2 ± 0.7 12.25 ± 3.28 1.34 ± 0.25 1.9 ± 0.6 0.52 ± 0.28 
2 5.1 ± 1.1 0.94 ± 0.21 1.2 ± 0.4 
3 6.3 ± 1.9 7.90 ± 1.04 1.06 ± 0.09 1.7 ± 0.6 0.82 ± 0.18 
4 6.1 ± 1.1 1.03 ± 0.41 2.7 ± 1.1 
5 5.5 ± 1.5 6.46 ± 0.83 0.85 ± 0.12 1.7 ± 0.5 0.48 ± 0.01 
6 7.0 ± 1.4 1.18 ± 0.43 2.6 ± 0.7 
7 7.8 ± 2.4 10.66 ± 4.39 1.31 + 0.50 2.7 ± 0.7 0.44 ± 0.07 
8 6.5 ± 0.6 1.13 ± 0.33 2.3 ± 0.8 
9 6.2 ± 0.7 8.21 ± 2.33 0.91 ± 0.25 2.8 ± 1.2 0.77 ± 0.29 
10 5.7 ± 0.7 0.94 ± 0.29 2.5 ± 1.1 
11 5.6 ± 0.4 8.02 ± 3.77 1.19 ± 0.33 2.5 ± 1.1 0.51 ± 0.24 
12 5.9 ± 1.4 0.96 ± 0.44 2.6 ± 1.1 
®Diet consisted of reconstituted skim milk containing 12.5% solids. 
^Means + standard error of the mean. 
^Bile data presented here were combined with data collected by J. L. Theobald and the 
pooled data are reported in Sections I and II. 
Table A2. Lymph flow rate, total lipid and cholesterol and bile flow rate and cholesterol of 
calves 1, 2, and 3 fed beef tallow (T)A*b,c 
Hour of Lymph flow Lymph lipid Lymph cholesterol Bile flow Bile cholesterol 
collection ml/fh x kg BW) mg/(h x kg BM) mg/(h x kg BW) ml/(h x kg BW) mg/(h x kg BW) 
0 8.4 ± 2.4 36.31 ± 15.93 3.28 ± 1.28 8.9 ± 2.1 
1 9.3 ± 2.7 14.64 ± 17.12 4.08 ± 1.84 1.9 ± 0.7 0.25 ± 0.05 
2 9.9 ± 2.9 3.57 ± 1.47 3.6 ± 2.6 
3 8.4 ± 2.1 54.37 ± 25.76 2.97 ± 1.14 1.0 ± 0.2 0.25 ± 0.04 
4 7.6 ± 1,9 2.67 ± 1.00 2.9 ± 2.2 
5 8.4 ± 2.3 34.17 ± 15.50 3.16 ± 1.22 1.9 ± 1.0 0.51 ± 0.23 
6 7.4 ± 1.6 2.59 ± 0.94 3.1 + 1.6 
7 7.6 ± 1.8 35.05 ± 17.03 2.67 ± 1.02 2.0 ± 1.1 0.40 ± 0.19 
8 6.3 ± 1.7 2.12 ± 0.86 1.0 ± 0.5 
9 6.2 ± 1.8 24.38 ± 10.24 1.96 ± 0.82 3.0 ± 2.4 0.31 ± 0.20 
10 4.8 ± 0.9 1.83 ± 0.59 3.0 ± 1.8 
11 5.7 ± 1.8 35.96 ± 16.79 2.30 ± 0.89 1.0 ± 0.5 0.08 ± 0.02 
12 5.7 + 1.4 1.81 ± 0.74 1.8 ± 0.8 
®Diet consisted of skim milk plus 2% T. 
^Means ± standard error of the mean. 
^Bile data presented here were combined with data collected by J. L. Theobald and the 
pooled data are reported in Sections I and II. 
Table A3. Lymph flow rate, total lipid and cholesterol and bile flow rate and cholesterol of 
calves 1, 2, and 3 fed milk fat (MF)a,b,c 
Hour of Lymph flow Lymph lipid Lymph cholesterol Bile flow Bile cholesterol 
collection ml/(h x kg BW) mg/(h x kg BW) mg/(h x kg BW) ml/(h x kg BW) mg/(h x kg BW) 
0 7.9 ± 1.5 68.09 ± 52.82 2.92 + 0.85 7.4 ± 1.5 
1 11.6 ± 1.2 112.37 ± 89.56 2.93 ± 1.46 2.5 ± 0.6 0.46 ± 0.06 
2 9.4 ± 3.1 2.54 ± 1.52 1.0 ± 0.1 
3 8.5 ± 2.0 59.92 ± 36.64 2.77 ± 1.11 1.2 ± 0.6 0.24 ± 0.11 
4 8.2 ± 1.8 2.56 ± 1.17 2.9 ± 1.9 
5 7.0 ± 2.1 45.10 ± 24.10 2.27 ± 1.02 3.2 ± 2.1 0.55 ± 0.21 
6 8.2 ± 2.5 2.81 ± 1.34 2.7 ± 1.2 
7 6.7 ± 1.9 57.09 ± 43.26 2.13 ± 1.02 1.9 ± 0.3 0.23 ± 0.08 
8 7.2 ± 2.7 2.37 ± 1.36 1.4 ± 0.2 
9 6.9 ± 2.2 60.55 ± 48.56 2.26 ± 1.15 1.5 ± 0.3 0.29 ± 0.05 
10 5.7 ± 2.0 1.84 ± 1.06 1.3 + 0.3 
n 6.5 ± 1.9 51.02 ± 42.78 2.20 ± 0.95 1.1 ± 0.5 0.25 + 0.09 
12 5.2 ± 1.3 1.66 ± 0.72 2.1 ± 0.8 
®Diet consisted of skim milk plus Z% MF. 
'^Means ± standard error of the mean. 
''Bile data presented here were combined with data collected by J. L. Theobald and the 
pooled data are reported in Sections I and II. 
Table A4. Lymph flow rate, total lipid and cholesterol and bile flow rate and cholesterol of 
calves 1, 2, and 3 fed soybean oil (SBO)®'b»c 
Hour of Lymph flow Lymph lipid Lymph cholesterol Bile flow Bile cholesterol 
collection ml/(h x kg BW) mq/(h x kg BW) mg/(h x kg BW) ml/(h x kg BW) mg/(h x kg BW) 
0 8.5 ± 2.4 35.(54 ± 9.83 2.15 ± 0.30 5.9 ± 2.7 
1 11.2 ± 4.2 36.03 + 10.87 2.29 ± 0.93 2.5 ± 0.8 0.27 ± 0.13 
2 11.5 ± 2.6 2.28 ± 0.62 1.0 ± 0.4 
3 9.3 ± 2.4 37.71 ± 2.75 2.15 ± 0.22 1.8 ± 1.0 0.35 ± 0.24 
4 9.5 + 3.0 1.99 ± 0.65 1.0 ± 0.1 
5 9.4 ± 2.7 18.37 ± 1.87 2.13 ± 0.51 1.7 ± 0.9 0.26 ± 0.09 
6 10.1 ± 3.2 1.98 ± 0.63 1.3 ± 0.4 
7 8.5 ± 2.6 26.52 ± 5.93 1.75 ± 0.42 1.0 ± 0.2 0.19 + 0.12 
8 8.7 ± 2.3 1.85 ± 0.73 1.8 + 0.8 
9 8.7 ± 2.0 46.45 ± 8.80 1.93 ± 0.65 2.3 + 1.0 0.39 + 0.11 
10 7.3 ± 1.9 1.55 ± 0.49 1.5 ± 0.6 
11 6.3 ± 1.5 31.32 ± 6.80 1.51 ± 0.47 2.4 ± 1.5 0.16 ± 0.05 
12 6.0 ± 1.6 1.39 ± 0.41 1.2 ± 0.56 
®Diet consisted of skim milk plus 2% SBO. 
''Means ± standard error of the mean. 
''Bile data presented here were combined with data collected by J. L. Theobald and the 
pooled data are reported in Sections I and II. 
Table A5. [4-^'*C]-cholesterol specific activity in plasma and lymph of calf 1 fed skim milk 
(SM).® Ratio of specific activities (lymph/plasma) 
Hour of Lymph Plasma Ratio 
collection specific activity specific activity (lymph/plasma) 
dpm/mg 
0 0 0 0 
15 min. 777 5543 0.14 
1 13T3 3883 0.34 
2 1127 4294 0.26 
3 1279 4267 0.30 
4 1418 4785 0.30 
5 1247 4727 0.26 
6 1686 5324 0.32 
7 1390 4043 0.34 
8 1548 5481 0.28 
9 1830 5447 0.34 
10 1:831 5592 0.33 
11 2409 5495 0.44 
12 2245 5604 0.40 
®Diet consisted of reconstituted skim milk containing 12.5% solids. 
Table A6. [4-^'*C]-cholesterol specific activity in plasma and lymph of calf 2 fed skim milk 
(SM).® Ratio of specific activities (lymph/plasma) 
Hour of Lymph Plasma Ratio 
collection specific activity specific activity (lymph/plasma) 
dpm/mg 
0 0 0 0 
15 min. 2543 6767 0.38 
1 4044 7790 0.52 
2 2347 4749 0.49 
3 2537 4477 0.57 
4 2275 3948 0.58 
5 2581 4131 0.62 
6 2387 4172 0.57 
7 2456 4078 0.60 
8 2760 4046 0.68 
9 1983 4239 0.47 
10 1946 4184 0.47 
11 2244 4026 0.56 
12 2119 3722 0.57 
®Diet consisted of reconstituted skim milk containing 12.5% solids. 
Table A7. [4-^''C]-cholesterol specific activity in plasma and lymph of calf 3 fed soybean oil 
(SBO).® Ratio of specific activities (lymph/plasma) 
Hour of Lymph Plasma Ratio 
collection specific activity specific activity (lymph/plasma) 
-dpm/mg-
0 0 0 0 
15 min. 452 6772 0.06 
1 1176 3669 0.32 
2 1132 3605 0.31 
3 1653 4020 0.41 
4 1870 4480 0.42 
5 1657 4536 0.37 
6 1963 5045 0.39 
7 1964 5195 0.38 
8 2421 5611 0.43 
9 2633 5057 0.52 
10 2457 5363 0.46 
11 2550 5507 0.46 
12 2368 5432 0.44 
®Diet consisted of skim milk plus 2% SBO. 
Table A8. [4-^'*C]-cholesterol specific activity in plasma and lymph of calf 4 fed soybean 
oil (SBO).a Ratio of specific activities (lymph/plasma) 
Hour of Lymph Plasma Ratio 
collection specific activity specific activity (lymph/plasma) 
dpm/mg 
0 0 0 0 
15 min. 2450 4045 0.60 
1 1936 2189 0.88 
2 1383 2379 0.58 
3 1271 1961 0.65 
4 1427 2035 0.70 
5 1763 2167 0.81 
6 1745 2097 0.83 
7 1957 2283 0.86 
8 2215 2287 0.97 
9 1996 2225 0.90 
10 1980 2591 0.76 
11 2179 2374 0.92 
12 2239 2642 0.85 
®Diet consisted of skim milk plus 2% SBO. 
Table A9. [4-i*C]-cholesterol specific activity in plasma and lymph of calf 5 fed milk fat 
(MF).a Ratio of specific activities (lymph/plasma) 
Hour of Lymph Plasma Ratio 
collection specific activity specific activity (lymph/plasma) 
dpm/mg 
0 0 0 0 
15 min. 510 6714 0.08 
1 830 2570 0.32 
2 1070 2910 0.37 
3 960 3230 0.30 
4 1100 3390 0.32 
5 1090 3820 0.29 
6 1160 4070 0.29 
7 1240 4080 0.30 
8 1390 4000 0.35 
9 1220 4080 0.30 
10 1490 4510 0.33 
11 1340 4570 0.29 
12 1500 4520 0.33 
®Diet consisted of skim milk plus 2% MF. 
Table AlO. [4-^''C]-cholesterol specific activity in plasma and lymph of calf 6 fed milk fat 
(MF).a Ratio of specific activities (lymph/plasma) 
Hour of Lymph Plasma Ratio 
collection specific activity specific activity (lymph/plasma) 
dpm/mg 
0 0 0 0 
15 min. 1194 9049 0.13 
1 1683 3805 0.44 
2 1412 3528 0.40 
3 1299 3903 0.33 
4 1395 3890 0.36 
5 1408 3613 0.39 
6 1464 3664 0.40 
7 1399 3747 0.37 
8 1383 4040 0.34 
9 1693 3941 0.43 
10 1902 4099 0.46 
11 1959 4184 0.47 
12 2169 3976 0.55 
*Diet consisted of skim milk plus 2% MF. 
Table All. [4-"C]-cholesterol specific activity in plasma and lymph of calf 7 fed beef 
tallow (T).& Ratio of specific activities (lymph/plasma) 
Hour of l^mph Plasma Ratio 
collection specific activity specific activity (lymph/plasma) 
dpm/mg 
0 0 0 0 
15 min. 1378 11302 0.12 
1 1511 5870 0.26 
2 2095 5897 0.36 
3 2807 5898 0.48 
4 2575 5215 0.49 
5 2773 5996 0.46 
6 3351 6440 0.52 
7 3435 7127 0.48 
8 4041 7506 0.54 
9 3300 8326 0.40 
10 4552 7910 0.58 
11 4094 8636 0.47 
12 5647 7291 0.77 
®Diet consisted of skim milk plus 2% T. 
Table Al2. [4-^'*C]-cholesterol specific activity in plasma and lymph of calf 8 fed beef tallow 
(T).B Ratio of specific activities (lymph/plasma) 
Hour of Lymph Plasma Ratio 
collection specific activity specific activity (lymph/plasma) 
dpm/mg 
0 0 0 0 
15 min. 1062 6541 0.16 
1 1335 3261 0.41 
2 1310 3906 0.34 
3 1664 4047 0.41 
4 1721 4307 0.40 
5 1892 4235 0.45 
6 1981 4341 0.46 
7 2017 4076 0.49 
8 2013 4003 0.50 
9 2069 3995 0.52 
10 2208 4093 0.54 
11 2345 3951 0.59 
12 2497 3521 0.71 
®Diet consisted of skim milk plus 2% T. 
